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ABSTRACT
We investigate the origin of galaxy bimodality by quantifying the relative role of intrinsic
and environmental drivers to the cessation (or ‘quenching’) of star formation in over half a
million local Sloan Digital Sky Survey (SDSS) galaxies. Our sample contains a wide variety
of galaxies at z=0.02-0.2, with stellar masses of 8< log(M∗/M) <12, spanning the entire
morphological range from pure disks to spheroids, and over four orders of magnitude in local
galaxy density and halo mass. We utilise published star formation rates and add to this recent
GIM2D photometric and stellar mass bulge + disk decompositions from our group. We find
that the passive fraction of galaxies increases steeply with stellar mass, halo mass, and bulge
mass, with a less steep dependence on local galaxy density and bulge-to-total stellar mass ratio
(B/T). At fixed internal properties, we find that central and satellite galaxies have different
passive fraction relationships. For centrals, we conclude that there is less variation in the
passive fraction at a fixed bulge mass, than for any other variable, including total stellar mass,
halo mass, and B/T. This implies that the quenching mechanism must be most tightly coupled
to the bulge. We argue that radio-mode AGN feedback offers the most plausible explanation
of the observed trends.
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1 INTRODUCTION
One of the most important unresolved questions in modern cos-
mology is how galaxies form and evolve over cosmic time (see
e.g. Conselice 2013 for a review). The existence of two principal
types of galaxies may be inferred from the bimodality of several
fundamental galaxy properties, most notably for colour - magni-
tude (or stellar mass), colour - concentration, and colour - mor-
phology (Strateva et al. 2001, Kauffmann et al. 2003, Brinchmann
et al. 2004, Baldry et al. 2004, Baldry et al. 2006, Driver et al. 2006,
Bamford et al. 2009). The galaxy population is divided into an ac-
tively star forming ‘blue cloud’ where galaxies exhibit a tight cor-
relation between stellar mass and star formation rate, SFR, known
as the star forming main sequence (e.g. Brinchmann et al. 2004),
and a principally passive ‘red sequence’ where there is no positive
SFR - stellar mass correlation. For the red sequence there is a rela-
tionship between colour and stellar mass (or luminosity), such that
more massive (or luminous) galaxies become progressively redder
(e.g. Strateva et al. 2001). Relatively few galaxies lie midway be-
tween the two peaks, and those that do are given the designation
of ‘green valley’, or transition, galaxies. Understanding the funda-
mental reason behind the galaxy bimodality, and particularly the
transition between the blue cloud and red sequence, is the goal of
much active research in contemporary extragalactic astrophysics.
A common attempt to explain the origin of galaxy bimodality
appeals to the dual component nature of galaxies, i.e. that galax-
ies are in effect structurally bulge + disk systems (to first order).
In general disks are found to be bluer in colour than bulges (e.g.
Peletier & Balcells 1996) which has led, for example, Driver et al.
(2006) to argue for the necessity of routine bulge + disk decom-
positions of galaxy structural components when investigating the
evolution of galaxy properties through star formation. The primary
use of colour in the bimodal distributions is best understood as a
proxy for global star formation rate per unit stellar mass, or sSFR,
which indicates the relative importance of ongoing star formation to
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Figure 1. A collage of face-on (inclination< 30 degrees, left panel) and edge-on (inclination> 60 degrees, right panel) galaxy images from our SDSS sample
in ugriz wavebands, with z < 0.1. In both panels, from bottom to top galaxies increase in stellar mass with log(M∗/M) = 8 – 9, 9 – 10, 10 – 11, 11 – 12
in each row. From left to right galaxies increase in bulge-to-total stellar mass ratio, with B/T = 0 – 0.2, 0.2 – 0.4, 0.4 – 0.6, 0.6 – 0.8, 0.8 – 1 in each column.
Postage stamps are 40′′ × 40′′, which corresponds to∼ 15 – 70 kpc on each side across the redshift range of these images. Not all types of galaxy represented
here are equally likely, e.g. high B/T high M∗ galaxies are much more common than low B/T high M∗ galaxies, conversely, high B/T low M∗ galaxies are
much rarer than low B/T low M∗ galaxies (see Fig. 2 for the distributions). Note how galaxies appear redder in colour as we increase stellar mass at a fixed
B/T ratio (moving up a column), and as we increase B/T ratio at a fixed stellar mass (moving along a row).
established stellar populations in the overall integrated light distri-
bution of a galaxy. Thus, galaxies separate out in terms of whether
or not they are experiencing substantial ongoing formation or not.
In most cases, lower stellar mass and lower Se´rsic index galax-
ies tend to be bluer (and hence have higher sSFRs) than higher stel-
lar mass and higher Se´rsic index systems (Baldry et al. 2004, Driver
et al. 2006, Baldry et al. 2006, Bamford et al. 2009). Similar rela-
tionships are found for luminosity and stellar light concentration
(e.g. Strateva et al. 2001, Driver et al. 2006). These relationships
are complicated by the impact of local environment on the process
of star formation, where there is a pronounced effect for star for-
mation to be suppressed preferentially in higher density environ-
ments (e.g. Butcher & Oemler 1984, Balogh et al. 2004, Cooper
et al. 2006, van den Bosch et al. 2008, Peng et al. 2010, Peng et
al. 2012). Additionally there is a tendency for galaxies at higher
densities to be more bulge dominated and hence have higher Se´rsic
index and concentration parameters (Dressler 1984, Moran et al.
2007, Tasca et al. 2009). Disentangling the various effects on cur-
rent formation efficiency is essential in coming to understand how
and why galaxies become the way they are today.
Many proposed mechanisms for inducing the observed cessa-
tion in star formation and subsequent build up of the red sequence
have been suggested. In particular, Peng et al. (2010, 2012) argue
for the separate influence of galaxy stellar mass and local envi-
ronment on the formation of passive galaxies. This implies that
there must be at least two distinct routes by which galaxies can
reduce their SFRs and become passive, one coupled to the local en-
vironment and one to internal properties. Further, Peng et al. (2010,
2012) construct a phenomenological model, which fits the observed
data extremely well; however, this does not necessarily reveal the
base physical process(es) which cause the transition of galaxies
from the blue cloud (of actively star forming main sequence galax-
ies) to the red sequence (of passive galaxies).
Theoretically, a number of physical mechanisms for quench-
ing 1 have been suggested. These can be, loosely, divided into envi-
ronmental and intrinsic (mass-correlating) processes. Environmen-
tally, effects such as ram pressure stripping, galaxy tidal interac-
tion and harassment, stifling of the gas supply routes to galaxies
from hot gas in massive halos, and preprocessing of gas into stars
from extensive merging in groups prior to cluster formation can
all lead to the shutting down of star formation in galaxies (Balogh
et al. 2004, Boselli et al. 2006, Cooper et al. 2006, Cortese et al.
2006, Moran et al. 2007, Font et al. 2008, van den Bosch et al.
2008, Berrier et al. 2009, Tasca et al. 2009, Peng et al. 2010, 2012,
Hirschmann et al. 2013, Wetzel et al. 2013).
Proposed intrinsic drivers of quenching in models include
quasar-mode AGN feedback (Hopkins et al. 2006a,b, Hopkins et al.
2008), and radio-mode AGN feedback (Croton et al. 2006, Bower
et al. 2008, Guo et al. 2011). Quasar-mode AGN feedback may
1 The term ‘quenching’ is commonly used in the literature to express the
fact or process of star formation coming to an end in a galaxy (e.g. Peng
et al. 2010, 2012, Mendel et al. 2013, Woo et al. 2013). In this sense it is
interchangeable with ‘cessation’. However, it is not a universally accepted
as a useful or desirable term. This is largely due to the implicit assumption
that some mechanism is needed to cause the cessation in star formation, i.e.
that galaxies would otherwise be actively forming stars. In this paper we
shall use the term ‘quenching’ from time to time to refer to those proposed
mechanisms which do cause the shutting down of star formation, and try to
avoid its usage in the more general sense.
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be thought of as the blowing out of cold gas from the centre of
galaxies in cataclysmic events such as during enhanced periods of
nuclear activity throughout the major merging of gas rich galax-
ies (see Nulsen et al. 2005, Dunn et al. 2010, Feruglio et al. 2010,
Fabian 2012, and Cicone et al. 2014 for observational evidence).
Alternatively, radio-mode AGN feedback involves the gentle heat-
ing of gas in the halos of massive galaxies from jets over long
timescales (up to several Gyrs) resulting in disruption of supply
routes for replenishment of cold gas needed as fuel for star forma-
tion (e.g. McNamara et al. 2000, McNamara et al. 2007, Fabian et
al. 2012).
Other intrinsic mechanisms for quenching may arise from the
virial shock heating of infalling accreted cold gas onto galaxies in
halos above some critical dynamical mass (often cited as around
Mcrit ∼ 1012−13M) leading to the shutting off of star formation
in those galaxies (Dekel & Birnboim 2006 and Dekel et al. 2009).
Furthermore, the potential of the bulge structural component to sta-
bilise giant molecular cloud collapse (which are the sites of star for-
mation) through tidal torques has been argued for in Martig et al.
(2009). Finally, major and minor galaxy mergers and interactions
can give rise to enhanced star formation rates, and hence elevated
gas depletion (e.g. Ellison et al. 2008, Darg et al. 2010, Patton et al.
2013, Hung et al. 2013), as well as increased supernova and stellar
feedback which may also accelerate the transition of galaxies from
the blue cloud to the red sequence. Galaxy mergers and interac-
tions are also found to enhance nuclear activity (e.g. Ellison et al.
2011, Silverman et al. 2011, Ellison et al. 2013) and thus couple to
increased AGN feedback as well.
There is currently some debate as to whether residing in a
galaxy pair will increase (as argued for in Robotham et al. 2013)
or decrease (as argued for in Wild et al. 2009) the star forma-
tion of galaxies. Most probably the effect is varied depending on
the timescale and stage of the interaction. Widely separated (non-
interacting) pairs will merely trace local environment (e.g. Patton
et al. 2013) so one might expect that since being in a pair is more
probable at higher local densities (up to a point), residing in a pair
might lead to lower star formation rates due to environmental ef-
fects. Closer (interacting) pairs are found to provoke enhanced star
formation (Ellison et al. 2008,2010, Scudder et al. 2012, Patton
et al. 2013), and the final coalescence of galaxies at the end of
the merger sequence leads initially to the highest enhancements in
star formation (e.g. Ellison et al. 2013). Thereafter, most proba-
bly, depletion in gas supplies will result in reduced star formation
later in the post-merger phase (as in Wild et al. 2009). However,
in this scenario, in order for a galaxy to remain passive some ad-
ditional process(es) will be required to prevent cold gas accretion
re-invigorating the galaxy, such as AGN feedback (e.g. Bower et
al. 2006, 2008) or halo-mass-quenching (e.g. Dekel & Birnboim
2006).
Most of the intrinsically-driven routes for galaxies to become
passive are expected to couple to the bulge component primarily.
For example, AGN and the central black holes have well docu-
mented scaling relations with the bulge properties (mass, velocity
dispersion, luminosity), e.g. Magorrian et al. (1998), Ferrarese &
Merritt (2000), Gebhardt et al. (2000), Haring & Rix (2004). At a
fixed stellar mass, galaxies with higher bulge-to-total stellar mass
ratios (B/T) tend to reside in higher mass halos, and hence will be
affected more by shock heating of accreted gas from cold streams
into their halos (Dekel et al. 2009, Woo et al. 2013). Also, bulge
mass and B/T will couple with the capacity of a bulge to stabilize
the collapse of giant molecular clouds in surrounding disks, lead-
ing to a relation between the bulge and the passive fraction (Martig
et al. 2009). Finally, galaxy merging tends to result in growing the
bulge component (e.g. Toomre & Toomre 1972) and thus gas de-
pletion may also correlate with the extent of the bulge structure.
Since most of the theoretically favoured mechanisms to
achieve the cessation of star formation are predicted to correlate
more strongly with the bulge structure than that of the whole
galaxy, it is desirable to look for these predicted relationships ex-
plicitly in observations. Indirect observational evidence of the im-
portance of the bulge has been noted for several years now. Kauff-
mann et al. (2003) and Brinchmann et al. (2004) both find indirect
evidence for the importance of the bulge in star formation cessation,
noting strong correlations between SFR and stellar mass density
and concentration of light, which are effectively proxies for ‘bulge-
ness’ of galaxy. Drory & Fisher (2007) demonstrate that the type of
bulge (as well as the bulge-to-total light ratio) is important in form-
ing galaxy bimodality in colour, with classical pressure supported
bulges being required to make a galaxy red, and pseudo-bulges be-
ing insufficient. Bell et al. (2008) find that high Se´rsic index bulges
are always present in truly passive systems, further implicating the
role of the classical bulge in star formation cessation.
Two recent papers, Cheung et al. (2012) and Fang et al. (2013),
also look for the effect of indirect indicators of the bulge (central
stellar mass surface density within 1 kpc) coupling to the star form-
ing properties of the whole galaxy. They find that at a fixed stellar
mass there is a differential impact on the red (passive) fraction due
to central stellar mass surface density, which suggests that mass-
quenching (as in Peng et al. 2010, 2012) is a process perhaps more
directly linked with the bulge. Woo et al. (2013), however, have
argued for stellar-mass-quenching being better understood as halo-
mass-quenching for central galaxies, with virialised shock heating
of infalling gas in massive halos being the root cause of star forma-
tion cessation (e.g. Dekel & Birnboim 2006).
In this paper we investigate the role of the bulge in constrain-
ing star formation directly, utilising the largest photometric and
stellar mass bulge + disk decomposition catalogue in existence
(Simard et al. 2011, Mendel et al. 2014). In Fig. 1 we show an
illustration of SDSS galaxies separated into bins of stellar mass
and bulge-to-total stellar mass ratio (B/T) from our decomposi-
tion, for both face-on and edge-on systems. We examine the role of
bulge-to-total stellar mass ratio (B/T), bulge mass, and disk mass
in addition to halo mass, total stellar mass, and local density which
have previously been studied (e.g. Peng et al. 2010,2012, Woo et
al. 2013). We find that bulge mass correlates most tightly with the
passive fraction for central galaxies.
This paper is structured as follows. Section 2 outlines the
sources of our data, including details on the derivation of star for-
mation rates, stellar masses, halo masses, and bulge + disk decom-
positions. Section 3 presents our methods and techniques, partic-
ularly in reference to our metric for defining passive, ∆SFR. In
section 4 we present our results, including the dominant role of
the bulge in constraining the passive fraction. Section 5 provides a
discussion of our results in terms of the context of the substantial
body of literature on this subject, and we go on to present a feasi-
bility argument for the explanation of our observed trends through
radio-mode AGN feedback. We conclude in Section 6. An appendix
is also included where we discuss the various tests and checks we
have performed on the data to assess the reliability of our bulge +
disk decompositions.
Throughout this paper we assume a (concordance) ΛCDM
Cosmology with: H0 = 70 km s−1 Mpc−1, Ωm = 0.3, ΩΛ = 0.7,
and adopt AB magnitude units.
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2 DATA
In this study we utilise photometry and spectroscopy from the Sloan
Digital Sky Survey (SDSS) data release seven (DR7), see Abaza-
jian et al. (2009) for full details on this release. For the original data
release of the SDSS please see Abazajian et al. (2003) which con-
tains full information on the survey design. The SDSS DR7 gives
ugriz band photometry and 3800 - 9200 A˚ spectroscopic cover-
age. We restrict our sample to those galaxies with spectroscopic
redshifts of z = 0.02 - 0.2 and with stellar masses in the range 8
< log(M∗/M) < 12, leaving us with a total of 538,046 galax-
ies in our full parent sample. This sample is the largest collection
of galaxies at (spectroscopically confirmed) low redshifts in exis-
tence, and provides an excellent route to study the differential ef-
fects of stellar mass, halo mass, morphology, and environment on
the passive galaxy fraction. Since many of the derived quantities
used in this study are taken from previous published work, we will
give only an outline of the key features of the data here. Readers
who are not interested in the full details of the sample may like to
skip ahead to the method in §3 or the results in §4.
2.1 Star Formation Rates
The star formation rates used in this paper are taken from Brinch-
mann et al. (2004), with updates following these same methods to
the later data releases2. In this paper, we use two distinct kinds of
star formation rates, both of which use the spectra and photometric
imaging available for each galaxy. The first type require galaxies
to have emission line fluxes in at least some of the BPT (Baldwin,
Phillips & Terlevich 1981) lines, [NII], Hα, Hβ, and [OIII]. For
those galaxies with a S/N > 3 in each of these lines (∼ 40 %), the
first step is to classify where they lie on the BPT diagram in terms
of the Kauffmann et al. (2003) and Kewley et al. (2001) demar-
cations, which separate out emission line galaxies into those that
are predominantly star forming, composite, or AGN dominated. A
reduced set of emission lines is then used for the remainder as is
explained in detail in Brinchmann et al. (2004) §3. For the BPT
selected star forming galaxies, SFRs are determined via fitting of
their emission lines with Charlot & Longhetti (2001) models.
The remainder of the sample, i.e. those which do not have BPT
emission lines above the S/N thresholds and those which do but are
classified as AGN or composite, have SFRs determined via an em-
pirical relation between the 4000A˚ break strength (Dn4000) and
the sSFR of the galaxy (Balogh et al. 1999). This allows for pas-
sive galaxies and AGN to be included in our SFR analysis. How-
ever, to demonstrate the robustness of our results, we consider the
effect of removing AGN from our analysis in §App C. None of the
conclusions of this paper change due to the choice of including or
excluding AGN from the sample.
Both of the methods used for assigning SFRs to galaxies dis-
cussed above are derived from the spectra of these galaxies, thus
they are restricted to the fibre aperture. At the median redshift and
stellar mass of the sample (z = 0.1, log(M∗/M) = 10.8), this cor-
responds to ∼ 1/3 of the light being contained within the spectro-
scopic fibre. Therefore, in order to calculate the global (or total)
SFR for galaxies in the SDSS an aperture correction must be made.
This is discussed in detail in Brinchmann et al. (2004) §5. The fi-
bre corrections we use are constructed by fitting stochastic models
2 www.mpa-garching.mpg.de/SDSS/DR7
to the photometry outside of the fibre, which gives an improved
recovery of SFRs (e.g. Salim et al. 2007) 3.
We test that the fibre correction does not unduly bias any of
our results by recomputing the passive fraction as purely a function
of global photometry (colour), in effect making a mapping from
passive fraction to red fraction (see §App C). This changes none
of the main features of the subsequent plots, and all of our conclu-
sions remain invariant. Thus, we conclude that the fibre corrections
are generally successful for our sample, introducing no systematic
effects which might affect our conclusions in any significant way.
This is an important point to establish because a main result of this
work is the tight correlation between bulge mass (and hence the
central region) and the passive fraction, requiring that a successful
transition from the fibre to the global is achieved.
2.2 Stellar Masses of Bulge and Disk Components
The stellar masses used in this paper for bulge, disk, and total
all come from Mendel et al. (2014), and are based on updated
SDSS photometry and bulge + disk photometric decompositions
in Simard et al. (2011). Full details of the GIM2D photometric de-
composition of galaxy light profiles in the ugriz bands into bulge +
disk systems is provided in Simard et al. (2011). The basic proce-
dure is to fit galaxy light profiles in the ugriz bands as a dual Se´rsic
profile, with ns = 4 for the bulge component and ns = 1 for the disk
component, where the total intensity of light at radius r, Ir , is given
by (Se´rsic 1963, Simard et al. 2002):
Ir = Ie exp
(
− bns
[( r
re
)1/ns − 1]) (1)
where Ie is the intensity of light at the effective radii, re is the
(projected) effective radius from the best fit, and bns is a constant
of the fit. The best dual Se´rsic fit is computed by minimizing the
residuals between the model light distributions and the observa-
tions, in each waveband. A bulge-to-total light ratio is output by
the GIM2D bulge + disk fitting code (Simard et al. 2002) for each
waveband. Taken together, the colour and magnitude of each com-
ponent (bulge and disk) is obtained.
A single (free) Se´rsic profile is also fit to each galaxy. The rel-
ative success of the single and the two-component GIM2D fit is as-
sessed with the probability that a given galaxy is best fit by a pure
single Se´rsic profile, PpS , thus prescribing a method to ascertain
when a single fit is apparently sufficient and, conversely, when a
two-component fit is statistically favoured. The PpS is constructed
using the F-statistic, which provides a quantitative means for cal-
culating the relative success of each fit from comparison of the χ2
residuals (accounting for a dual component fit being expected to do
better), see Simard et al. (2011) §4.2 for a full description. In prin-
ciple this allows us to select galaxies where two component fits are
statistically preferred. We also consider the use of ns = 4 classical
bulge fitting in §App. D by comparison to a free Se´rsic index bulge
model. We conclude that there would be no significant differences
to any of our results if we fit with the free model instead of the
classical bulge.
In Mendel et al. (2014) the decomposed bulge and disk pho-
tometry from the GIM2D fitting in Simard et al. (2011) is converted
to stellar masses, based on the ugriz spectral energy distributions
(SEDs) for each component in isolation, and for the total light of
the galaxy. A large grid of synthetic photometry is utilised using
3 www.mpa-garching.mpg.de/SDSS/DR7/sfrs.html
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Figure 2. Left: Normalised distribution of bulge-to-total stellar mass ratio (B/T), split by stellar mass range as indicated. Right: Normalised distribution of
stellar mass split by B/T, as indicated. Higher stellar mass galaxies tend to have higher B/T ratios compared to lower stellar mass galaxies. The considerable
variation in these parameters with each other highlights the necessity for carefully binning by stellar mass and morphology when considering the passive
fraction evolution, as done in the latter plots of this paper.
the flexible stellar population synthesis (FSPS) code of Conroy,
Gunn & White (2009). These incorporate a range of star forma-
tion histories, dust content, age, and metalicity. A Chabrier (2003)
stellar initial mass function (IMF) is employed. A wide variety of
smoothly declining star formation histories are constructed, with
ψ∗(t) ∝ τ−1exp(−t/τ), where τ is the e-folding time. The esti-
mated mass for each component is taken as the median of the prob-
ability density function, with errors quoted as the 16th and 84th
percentiles of this distribution. Typical errors on the components
are ∼ 0.2 dex from the model parameter fitting. The total error,
summing over the various possible systematics, such as choice of
FSPS code, choice of IMF, uncertainties in stellar evolution, and
choice of dust extinction law, may lead to a slightly larger value.
For a detailed consideration of all of these issues, and for a full
description of the techniques used in determining the component
masses see Mendel et al. (2014), in particular §3 and §4. The pho-
tometric and stellar mass bulge + disk decompositions are publicly
available (see Mendel et al. 2014).
An illustration of how galaxies from the SDSS look in bins of
derived B/T and M∗ is shown in Fig. 1, for both face-on and edge-
on galaxies. We generally recover a very good relation between
visual morphology and structural B/T determination. We show the
distribution of B/T ratio in bins of stellar mass, and the stellar mass
distribution in bins of B/T in Fig. 2. It is particularly interesting
to note that there is considerable interdependence between these
variables, such that higher stellar mass galaxies tend to have higher
B/T ratios, and lower stellar mass galaxies tend to have lower B/T
ratios (as seen in, e.g., Bernardi et al. 2010). This strongly moti-
vates the need to carefully disentangle these two potential drivers
to quenching in the following sections.
We present the various tests and calibrations we have per-
formed on the bulge + disk decompositions in the appendix (par-
ticularly §App A & B), including via fitting model galaxies. One
important result of this work is that a correction for ‘false’ disks
must be made in order to correct for a tendency of high Se´rsic in-
dex galaxies to erroneously be split into bulge + disk systems. This
is completely avoided if a PpS cut is made (see Simard et al. 2011).
However, since the intention of this paper is to be as inclusive as
possible, we construct an alternative in §App B to culling the sam-
ple. When the correction is applied we achieve excellent recovery
of model galaxy structural components for both composite and sin-
gle profile cases. We also find that if we restrict our sample to z <
0.1 (instead of 0.2 used throughout the paper), and if we use a free
Se´rsic as opposed to classical ns = 4 bulge, all of our results and
conclusions remain unchanged (see §App. D), which strongly sug-
gests that our results are not biased by any difficulties with fitting
GIM2D bulge + disk models to low resolution data.
2.3 Total Stellar Masses
Due to the variety of techniques used to model the light profiles
of galaxies in our sample, there are a number of possible ways to
define the total stellar mass. The main one we will use in this work
is simply:
M∗ = Mbulge +Mdisk (2)
i.e. the total mass is the sum of the two component masses fit sep-
arately. Other definitions include MB+D , which is the stellar mass
of the bulge and disk photometric components added together and
fit as a single entity with the stellar mass codes outlined above. For
most of the galaxies in our sample there is very good agreement be-
tween these mass estimates, however, there are a few cases where
this is not true.
Following the recommendation in §5 of Mendel et al. (2014)
we will discard from our final sample any stellar masses where
there is disagreement between M∗ and MB+D at a level above 1 σ
(∼ 10 % of galaxies). For these galaxies the main issue seems to be
that the bulge component appears very red without having a high
photometric B/T in any band. Thus, a qualitatively similar route
to achieve this selection is to require that (B/T )|M∗ ∼ (B/T )|i,
or any other of the redder bands, for a suitably calibrated compar-
ison. A plausible explanation for this discrepancy is that the er-
ror on the exact colour gradient becomes very high compared to
the measured value of the colour itself, incorporating unphysically
red bulges (which lead to very high bulge mass estimates) in some
predominantly bulge-less systems. In the following analyses, these
c© 0000 RAS, MNRAS 000, 000–000
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unphysical cases are removed. However, even if we include those
cases our primary results and conclusions remain unchanged.
2.4 Measures of Environment
Throughout this paper we use two complementary measures of en-
vironment: First, we use the Yang et al. (2007, 2009) SDSS group
catalogue to classify whether a given galaxy is central to, or a satel-
lite of, its host dark matter halo. In practice, the assignment of the
label central is based on whether a galaxy is the most massive (in
terms of stellar component) in the group in which it resides. The
groups are constructed from a friends-of-friends algorithm with a
linking length constrained from N-body simulations, as is outlined
in detail in Yang et al. (2007). Satellite galaxies are defined as any
galaxy assigned to a group in which they are not the most massive
member.
Second, we use a measure of local surface (over-)density of
galaxies (as in, e.g., Dressler 1980, Baldry et al. 2006, Chuter et
al. 2011). We define our measure of local surface over-density, δn,
thus:
δn =
Σn
〈Σn(z ± δz)〉 , (3)
where
Σn =
n
pir2p,n
(4)
and rp,n is the projected physical (h=0.7) separation to the nth near-
est neighbour, given in kpc. 〈Σn(z ± δz)〉 is the mean value of the
local surface density in the redshift range (z − δz) to (z + δz),
where δz = 0.01. This term normalizes our environmental mea-
sure and accounts for differential redshift effects due to variation
in the luminosity of identifiable galaxies as a function of redshift
in the SDSS, a consequence of the flux limit of the survey. Thus,
we can compare the measures of over-density, δn, across different
redshifts, whereas, the direct density measure, Σn, is only mean-
ingful at a given redshift slice. The value, n, is a free parameter,
and in this work we consider various values. In a sense, n selects
the scale of interest, or the definition of ‘local’ in the local environ-
ment measure. We investigate the use of 3rd, 5th, and 10th near-
est neighbours and find generally very strong correlations between
these environmental indicators. In the end we opt to use the 5th
nearest neighbour in all subsequent analyses, however, none of our
results are strongly affected by this choice.
In Fig. 3 we show the normalised distribution of the over-
density parameter evaluated for the 5th nearest neighbour, δ5. We
split this distribution into the the contribution from central and
satellite galaxies. We find that satellites are skewed to higher local
over-densities, as expected. This figure illustrates the inter-relation
of our two measures of environment for the SDSS sample.
2.5 Halo Masses
The halo masses we use in this paper come from the group cata-
logue of Yang et al. (2007, 2012). An abundance matching tech-
nique is used whereby groups are ordered in terms of their total
group stellar mass and equated to halo masses by comparison to
the halo mass function of Warren et al. (2006), with a transfer func-
tion from Eisenstein & Hu (1998). It is also possible to rank order
galaxies according to their luminosities, however, this is found to
be less successful than with stellar mass. Testing of the group find-
ing algorithm with mock galaxy catalogues revealed that over 90
Figure 3. Normalised distribution of the logarithm of the over-density pa-
rameter evaluated for the 5th nearest neighbour, δ5 (defined in eqs. 3 &
4). The distribution is sub-divided into the contribution from centrals and
satellites as indicated. The full distribution (black line) has a log-Gaussian
form with a power law tail to higher over-densities determined by gravi-
tational clustering effects. Satellites have a skewed distribution, peaking at
higher over-densities than for centrals. This indicates the inter-dependence
of these two different measures of environment. The dashed lines indicate
the regions of low density, intermediate density (middle), and high density,
which are used later to separate out environment.
Figure 4. Normalised distribution of stellar masses, sub-divided by halo
mass as indicated for central galaxies. Higher stellar mass central galaxies
live in higher mass halos, however, there is a greater range in halo mass
available at a given stellar mass at higher masses. Conversely, at low masses,
there is a greater range in stellar mass at a fixed halo mass. This illustrates
the inter-dependence of galaxy stellar and halo mass for centrals.
% of halos with Mhalo > 1012M are successfully identified. The
stellar masses are also calibrated to observational methods from X-
ray measurements of clusters and velocity dispersions of galaxies
within groups and clusters. This constitutes the largest observation-
ally constrained sample of group halo masses in existence today.
In Fig. 4 we show the distribution of stellar masses as a func-
tion of group halo mass for centrals. At low masses there is a broad
range of stellar masses associated with a given halo mass, yet at
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Table 1. Sample Details
zspec log(M∗/M) log(Mhalo/M) Ntot Ncen
0.02 – 0.2 8 – 12 11 – 15.5 538046 423480
higher masses the converse is true. This is a direct consequence of
the shape of theM∗−Mhalo relation, which starts off very steep at
low masses and become much shallower at high masses, beginning
aroundM∗ (see e.g. Moster et al. 2010). The implication of this for
our study is that, even for central galaxies, it is possible to probe a
range of halo masses at a fixed stellar mass, although the range is
mass dependent. However, there are configurations of halo and stel-
lar mass which are not possible to probe for centrals. For satellites,
a broader range of parent halo mass is permitted at any given stellar
mass, up to the limit at which the satellite would become massive
enough to be defined as the central of that halo.
2.6 Sample Selection
The basic sample details are shown in Tab. 1. We make no selec-
tion based on the morphology, colour, or SFR of galaxies, and no
initial selection based on their environmental properties. In order
to be in line with the suggested usage of the stellar mass decompo-
sitions, we follow all of the detailed suggestions in §5 of Mendel
et al. (2014). As stated earlier, we consider only those cases where
Mbulge+Mdisk ∼MB+D to within 1 σ, assuring that the available
stellar mass estimates are consistent (selecting∼ 90 % of galaxies).
We also remove all galaxies for which the photometric and/or the
stellar mass decompositions fail to give an output (this is for < 3
% of the sample).
Using our prescription to calculate the probability of a given
disk in a decomposition being false, we correct the sample statis-
tically as is explained in detail in §App B. Briefly, we redefine the
B/T ratio to unity and the bulge mass to the total stellar mass in all
cases where the probability of the disk being false PrFD > 0.5. We
check that our results are not adversely impacted by this correction
in §App C. Further, we check that our results are unchanged if we
restrict the sample to z < 0.1, and also if we use a free Se´rsic (as
opposed to ns = 4) bulge in §App. D. None of these changes make
any significant difference to any of our conclusions.
In the latter part of this paper, we assess the role of intrin-
sic observables as drivers of the passive fraction. Here we select
only central galaxies, which comprise∼ 80 % of the parent sample
(423,480 galaxies).
3 METHOD: THE PASSIVE FRACTION
Most galaxies can be divided cleanly by whether or not they are
forming a significant amount of new stars (e.g. Brinchmann et al.
2004). This bimodality is also seen in terms of colour (e.g. Strat-
eva et al. 2001, Baldry et al. 2004, Driver et al. 2006). For those
galaxies which are actively star forming, there is a well known and
documented tight relation between the SFR and total stellar mass of
galaxies (see Fig. 5 left panel, and Brinchmann et al. 2004), which
is frequently referred to as the star forming main sequence. In this
figure we include only those galaxies which are designated as star
forming by the Kauffman et al. (2003) line cut on the BPT emis-
sion line diagram, with a S/N > 3 in each of the BPT emission
lines. This removes passive galaxies as well as AGN and compos-
ites, and allows us to focus on the properties of the star forming
sample before considering how to define ‘passive’.
We find that the correlation between stellar mass and SFR is
not morphology dependent for star forming galaxies (See Fig. 5
middle panel). This fact is important because it implies that stellar
mass alone is sufficient to assign a fairly accurate SFR to a given
galaxy at some redshift, if it is established to be on the star forming
main sequence. For galaxies in general, morphology is expected
to play a much more significant role, and we will look at this is
some detail in the subsequent sections. However, morphology only
affects whether or not a galaxy lies on the main sequence, and does
not modify the sequence itself. Further, environmental effects from
varying local density are also found to have a negligible effect on
the star forming main sequence (see Fig. 5 right panel). Finally, the
star forming main sequence is found to evolve with redshift (e.g.
Madau 1996, Noeske et al. 2007, Daddi et al. 2007), and as such it
is important to consider its functional form as a redshift dependent
quantity as well as a function of stellar mass.
For the full sample (see Fig. 6 top left panel) we see that only
some galaxies are on the main sequence, and many more lie below
it. We show the distribution of star formation rates divided into stel-
lar mass range in Fig. 6 (bottom left panel). This is complicated be-
cause with SFR there are two competing effects: On the one hand,
for actively star forming galaxies, there is a strong positive correla-
tion between SFR and stellar mass, however, the fraction of galax-
ies which are not on the star forming main sequence also increases
with stellar mass. Thus, the two peaks in the SFR distribution are
overlapping at various stellar masses, and this makes it very diffi-
cult to separate out star forming from passive galaxies on the basis
of SFR measurements alone.
The usual way around this is to use sSFR (= SFR/M∗) to de-
fine the division between passive and star forming systems. How-
ever, since the SFR - M∗ relation has an exponent a little less than
one, the sSFR itself varies as a function of stellar mass, and in fact
slightly declines with increasing stellar mass for star forming galax-
ies (see Fig. 6 top middle panel). The distribution of sSFR (Fig.
6 bottom middle panel) shows a clearer separation between star
forming and passive systems than for SFR, although the peaks of
the distribution still vary as a function of stellar mass. Thus, it is not
trivial to place a division between passive and star forming galaxies
using this metric.
In order to simplify the division between star forming and pas-
sive galaxies we construct a new statistic. We define the distance
from the star forming main sequence that each galaxy in our full
sample resides at (∆SFR) by calculating the logarithmic difference
between the median SFR of a star forming control sample (at sim-
ilar total stellar mass and redshift) and the SFR of each galaxy.
For our star forming (main sequence) controls we include only star
forming galaxies as identified by their BPT emission lines. Here we
use the Kauffmann et al. (2003) cut at a S/N > 3, but we find no
significant change by moving to the Stasinska et al. (2006) defini-
tion of star forming dominated galaxies, or by varying the signal-
to-noise threshold modestly. Specifically, for each galaxy in our
sample we calculate:
∆SFR = log
( SFR(M∗, z)
median(SFRSF(M∗ ± δM∗, z± δz))
)
(5)
The tolerance on stellar mass and redshift matching (δM∗ and δz,
respectively) are initially set to 0.005 for redshift and 0.1 dex for
stellar mass. We require that there be a minimum of five controls
per galaxy in order for us to utilise a ∆SFR measurement. In the
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Figure 5. Left panel: Star formation rate (SFR) vs. total stellar mass (M∗) for star forming galaxies selected by the Kauffmann et al. (2003) BPT line cut at
a S/N > 3 in each of the spectral lines. The dashed line represents a simple power-law fit to the median of the data, with the solid line indicating the region
a factor of ten lower than the median. Middle panel: Same as for top left but with galaxies subdivided by their B/T (by stellar mass) morphology, note the
lack of variation in the SFR - M∗ relation for star forming galaxies across a wide range of morphologies. Right panel: Same as for top left but with galaxies
subdivided by local density evaluated to the 5th nearest neighbour, δ5. Note the distinct lack of variation in the SFR - M∗ relation for star forming galaxies
across a wide range of local densities. The large points are mean values, with the error bars shown being (2×) the standard error on the mean. For clarity, only
one in every twenty points are shown on each plot displayed here.
Figure 6. Top panels: The whole sample colour coded by a ∆SFR cut, where galaxies with SFRs less than a factor of ten below the star forming main sequence
are classified as being passive (red points), and those with SFRs greater than that are defined as star forming (blue points). From left to right: SFR, sSFR,
∆SFR vs. stellar mass. The dotted and solid lines are the same as in Fig. 5. Note that, by construction, star forming galaxies are centered around ∆SFR =
0 (dashed line). Since the cut in ∆SFR requires binning by redshift and stellar mass some points will not be cleanly divided by the solid line in the SFR
and sSFR plots. Bottom panels: Normalised distributions of three star forming metrics, from left to right: SFR, sSFR, ∆SFR, all sub-divided by stellar mass
range, as indicated on the left (SFR) panel. We operationally define a passive galaxy to have ∆SFR < -1, which cleanly divides the two peaks of the bimodal
distribution in ∆SFR (solid line). Higher stellar mass galaxies have a more dominant passive peak than star forming peak, whereas lower mass galaxies have
a more dominant star forming peak than passive peak. This plot demonstrates the integrated stellar mass dependence of galaxy bimodality in terms of ∆SFR.
The existence of the star forming main sequence relation (SFR - M∗, see Fig. 5) results in an easier separation of galaxies by ∆SFR than by SFR or sSFR.
event that there are less than five controls available from the initial
tolerances we increase the search range to two times the initial tol-
erances, and we continue in this fashion until either five controls
are found or the hard limits (of 0.02 and 0.3) are reached. In most
cases we end up with many more than five controls, with a median
value of number of controls ∼ 200 galaxies. Further, over 95 % of
all control groups require at most one growth of the tolerances, and
less than 1% of galaxies are not assigned a ∆SFR value with these
criteria.
We show the dependence of ∆SFR on stellar mass at the top
right of Fig. 6. We find that the distribution of ∆SFR is highly bi-
modal, like with the specific star formation rate (sSFR), and much
more obviously so than with SFR (see Fig. 6, bottom right panel).
Our ∆SFR measure is defined such that there is no stellar mass
(or redshift) dependence on it for the main sequence, i.e. all star
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Figure 7. Normalised distributions of ∆SFR for the whole sample, split by left panel: bulge-to-total stellar mass ratio (B/T); middle panel: halo mass; and
right panel: over-density evaluated at the 5th nearest neighbour, δ5. As in Fig. 6, we operationally define a passive galaxy to have ∆SFR < -1, which cleanly
divides the two peaks of the bimodal distribution in ∆SFR (solid line). Star forming galaxies are centered around ∆SFR ∼ 0 (dashed line). Galaxies with
higher B/T ratios, higher halo masses, and in higher density environments (shown in redder colours) are more frequently found on the passive peak, whereas
galaxies with lower B/T ratios, lower halo masses, and in lower density environments (shown in bluer colours) are more frequently found on the star forming
peak. This indicates the integrated morphological, halo mass, and local galaxy density effect on the star formation of galaxies.
forming (main sequence) galaxies should lie around zero by con-
struction, with passive systems lying significantly below zero. This
greatly simplifies the separation of star forming and passive sys-
tems. We find a natural break between the star forming and passive
peaks at around a factor of ten below the star forming main se-
quence. We use this break to operationally define a passive galaxy
as a galaxy with a SFR less than a factor of ten than the median
SFR of its (mass and redshift matched star forming) control group.
That is, we define a galaxy to be passive if:
∆SFR 6 −1 . (6)
The line denoting this division is displayed on the histogram dis-
playing ∆SFR in Fig. 6 (bottom right panel). We find no significant
change in our results by varying the threshold anywhere between -
0.5 and -1.5, but the definition breaks down as a useful tool if one
of the peaks is sub-divided by the value chosen.
The SFRs of the actively star forming systems are known ro-
bustly through BPT line classifications whereas the SFRs of passive
systems, and AGN, are determined via the 4000 A˚ break - sSFR
relation. In Brinchmann et al. (2004) a lower limit of log(sSFR)
= -12 is imposed, which results in the mass-scaling of the lower
(red) sequence seen in the top panels of Fig. 6. The scatter around
this threshold is due to the fibre correction. The implication of this
is that the star forming peak is truly a peak (as seen), whereas the
passive ‘peak’ is only peaked due to the lower limit imposed, result-
ing in a collapse of the expected long power law tail to arbitrarily
low SFRs. Ultimately, for passive systems, AGN, and composites,
it is more reliable as to which peak a galaxy belongs to than its spe-
cific SFR value. Hence, for the remainder of the analyses presented
in this paper we will consider the passive fraction as our primary
indicator of the global star forming properties of SDSS galaxies.
We define the passive fraction as:
fpassive =
Npassive∑
i=1
1/Vmax,i(passive)
Nall∑
j=1
1/Vmax,j(all)
(7)
where Vmax is the total volume over which a galaxy of given ab-
solute ugriz magnitudes and colours would be visible in the SDSS,
which is used here to weight the fractional contributions from vari-
ous sources, as in Geha et al. (2012). See also Mendel et al. (2014)
Fig. 9 for an illustration of the maximum redshift dependence on
stellar mass and g-r colour for SDSS galaxies. The i-summation
is computed for passive only galaxies (defined above in eq. 6),
whereas the j-summation is calculated for all galaxies in our sam-
ple regardless of star formation rate. This expression gives a vol-
ume corrected passive fraction with which we can investigate the
potential drivers of star formation quenching in the next section.
We estimate the error on the passive fraction for each binning
of our data in the next section via the jack-knife technique (e.g.
Nichol et al. 2006, Cabre et al. 2007). Briefly, the volume weighted
passive fraction is computed for each binning, then recomputed n-
times excluding each of the members of the dataset in turn. The
error is taken as the variance in the passive fraction across the full
range of measurements. In most cases for computing combined
statistics on a dataset with unknown or complex likelihood distri-
butions, the jack-knife error is shown to perform very well, and will
asymptotically approach the actual error as in Monte-Carlo simula-
tion. We show values for the passive fraction in a given bin if there
are at least 20 galaxies present, which we find is sufficient to pro-
vide an estimate of the passive fraction. However, we note here that
most bins contain far more galaxies than this, with a median value
> 500 galaxies.
4 RESULTS
In this section we examine both the integrated and differential ef-
fects of total stellar mass, halo mass, local environment (measured
from nearest neighbour over-densities and central - satellite divi-
sions), bulge-to-total stellar mass ratio (B/T), and bulge and disk
mass on the passive fraction.
4.1 The integrated effect of stellar mass, B/T structure, halo
mass, and local density on star formation
Many previous studies have investigated the role of stellar mass,
morphology or structure, and environment on the star forming
properties of galaxies (e.g. Kauffmann et al. 2003, Brinchmann et
al. 2004, Baldry et al. 2004, Baldry et al. 2006, Driver et al. 2006,
Drory & Fisher 2007, Bell et al. 2008, Bamford et al. 2009, Peng et
al. 2010, Peng et al. 2012, Mendel et al. 2013, Woo et al. 2013). In
this sub-section we review the dominant trends with these variables
for our sample before delving into the detailed inter-dependencies.
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Figure 8. Passive fraction vs. halo mass (left panel), total stellar mass (middle panel), and bulge-to-total stellar mass ratio, B/T (right panel). In each plot the
passive fraction is split into the contribution from central (blue points) and satellite (red points) galaxies. The 1σ error on the passive fraction computed via
the jack-knife technique, and bin size, are displayed as the error bars. At a fixed halo mass central galaxies are more passive than satellites, whereas at a fixed
stellar mass and B/T ratio satellites are more passive than central galaxies. For central galaxies, the passive fraction experiences the steepest gradient with
higher stellar masses, and lower halo masses, whereas the dependence on B/T is generally less steep for all values.
We explore the differential effects of these potential drivers to star
formation cessation in §4.2 - §4.6.
In Fig. 6 (bottom right panel) we show the normalised dis-
tribution of ∆SFR for all galaxies in our full parent sample, as
first introduced in §3. We divide this distribution by stellar mass
(M∗) range, as indicated on the plot, with redder colours indicating
higher stellar masses. We find that lower stellar mass galaxies are
preferentially found on the star forming peak, whereas higher stel-
lar mass galaxies are preferentially passive. There is a smooth tran-
sition from the star forming peak to the passive peak as we increase
stellar mass. In the stellar mass range 10 < log(M∗/M) < 11
we find that galaxies are roughly evenly divided between the pas-
sive and star forming peak. This result is qualitatively very similar
to that of Baldry et al. (2006) and Peng et al. (2010, 2012), who
both find that higher stellar mass systems are more frequently pas-
sive (or red).
In Fig. 7 (left panel) we show the normalised ∆SFR distri-
bution split by B/T. Throughout the results section, when we re-
fer to B/T we mean bulge-to-total stellar mass ratio, and any other
usage will be made explicit. Here we note that higher B/T (more
spheroidal) galaxies are more frequently passive than lower B/T
(more disk-like) galaxies. An analogous result has been previously
seen for Se´rsic index and concentration in, e.g., Driver et al. (2006),
for a smaller sample size and over a smaller range in stellar masses.
We notice that the transition from the star forming to passive peak
is monotonic with B/T, as with stellar mass. At intermediate B/T
values (0.4 - 0.6) the galaxy population is fairly evenly divided
between the two peaks. However, given the high level of inter-
correlation between M∗ and B/T, it is not clear which, if either,
is primary in constraining the passive fraction (see Fig. 2 for an il-
lustration of this inter-dependence). Clearly, it is desirable to look
at the differential effects of, say, stellar mass at a fixed B/T and vice
versa. This is shown later in §4.3 & §4.5.
In Fig. 7 (middle panel) we show the normalised ∆SFR dis-
tribution for all galaxies split by halo mass (from the Yang et al.
2009 group catalogue, see §2.5 for details). Galaxies in lower mass
halos tend to be actively star forming, whereas galaxies in higher
mass halos tend to be preferentially passive. However, the effect of
increasing halo mass beyond Mhalo ∼ 1013M does not result in
an increase in the passive fraction for the whole population. The
notion of halo mass is quite different for centrals and satellites, and
we explore these differences in the next section. For now it is suffi-
cient to note that there appears to be a threshold in halo mass above
which varying this parameter further leads to a negligible effect.
For central galaxies, there is a strong correlation between Mhalo
and M∗ which motivates looking at the differential effect of vary-
ing halo mass at a fixed stellar mass (as in Woo et al. 2013) and vice
versa. The relation between the range in these variables is shown in
Fig. 4 for central galaxies. We examine the differential impact of
Mhalo and M∗ in detail in §4.4 & §4.5.
Finally, we show the normalised distribution in ∆SFR split
by the density parameter, δ5 (defined in §2.4). See Fig. 6, right
panel. Galaxies residing in higher local densities tend to be more
passive than galaxies in lower local densities. At intermediate den-
sities, corresponding to the average galaxy density at z∼ 0, there is
an approximately even split between the passive and star forming
peaks. This result is essentially the same as seen in van den Bosch
et al. (2008) and Peng et al. (2010), and is qualitatively similar to
Butcher & Oemler (1984). Since centrals and satellites reside in
distinct regions of the δ5 parameter space (see back to Fig. 3), it is
desirable to assess the role of environment separately for centrals
and satellites (as in Peng et al. 2012 and Woo et al. 2013). We inves-
tigate this in the next section. Moreover, the inter-relations between
M∗, Mhalo, B/T, and δ5 (see back to Figs. 2 - 4 for an illustration
of some of these) emphasize the need to look at the differential ef-
fects of these variables at fixed values of the remaining correlators,
as well as the total integrated effects discussed in this section.
4.2 Centrals vs. Satellites
The location of galaxies within their parent dark matter halos is an
important consideration when assessing the origin and evolution of
galaxy bimodality (e.g. van den Bosch et al. 2007, 2008, Peng et
al. 2010, 2012, Woo et al. 2013). Satellite galaxies are expected
to have additional quenching mechanisms applicable to them than
central galaxies, due to the extra physics associated with motion
relative to the hot gas halo (e.g. Balogh et al. 2004, van den Bosch
et al. 2008). In Fig. 8 we show the passive fraction dependence
on halo mass, total stellar mass, and B/T structure, subdivided into
the contribution from centrals and satellites. Note that halo mass
refers to the total mass of the host halo in which each galaxy re-
sides, which for satellite galaxies is not the dark matter halo of
the galaxy itself (which we shall refer to as its sub-halo). In each of
these cases there is a strong positive correlation between the passive
fraction and the galaxy/ halo property. Additionally, for each rela-
tion there is a clear separation between central and satellite galax-
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Figure 9. Passive fraction vs. halo mass, binned by the over-density of
galaxies evaluated at the 5th nearest neighbour, δ5, as indicated on the plot.
The 1σ error on the passive fraction computed via the jack-knife technique,
and bin size, are displayed as the error bars. Note the relative lack of varia-
tion in the passive fraction with δ5 at a fixed halo mass.
ies, which strongly motivates the need for considering these two
types of galaxies separately (as in e.g. Peng et al. 2012, Woo et al.
2013).
The fpassive - Mhalo relation for centrals is very steep from
Mhalo ∼ 1011− 1013, but levels off significantly at higher masses.
Satellites exhibit a generally less steep dependence on halo mass
than centrals, but show no strong sign of a flattening of this depen-
dence at higher masses. Interestingly, central galaxies are found to
be more passive than satellites at a fixed halo mass. The most prob-
able explanation for this observation is that centrals tend to have
higher stellar masses than satellites in the same halo (by definition,
see §2.4 & §2.5) which leads to the difference between satellites
and centrals at a fixed halo mass being driven by differences in their
stellar masses (e.g. Peng et al. 2012). Since the difference in passive
fraction between centrals and satellites is in general greater at fixed
halo masses than at fixed stellar masses, this suggests that intrinsic
effects win over environmental effects in assigning the passive frac-
tion. However, this dependence is highly mass dependent, and for
low stellar mass galaxies and low mass halos this trend is actually
reversed.
The fpassive - M∗ relation is steep for centrals from M∗ ∼
1010−1012, but at lower stellar masses it is very flat, with most low
stellar mass centrals being predominantly star forming. Satellites
are found to be more passive at a fixed stellar mass than centrals
at low stellar masses, but these differences vanish at higher stellar
masses. This implies that the process(es) which drive the cessa-
tion of star formation in the most massive systems are likely inde-
pendent of environment, and, hence, happen equally in the field,
groups, and clusters. This further suggests that it may be a process
coupled to intrinsic galaxy properties, such as e.g. total stellar mass
and/or morphology/ internal kinematics which drives the increase
of the passive fraction for high stellar mass galaxies (a similar con-
clusion to Baldry et al. 2006, Peng et al. 2010, 2012). We consider
this possibility in more detail in the next section.
We also examine the fpassive - B/T relationship for centrals
and satellites. This relationship is noticeably less steep than for halo
mass and stellar mass, perhaps suggesting that B/T is sub-dominant
to these other potential indicators of passivity. Satellites are found
to be more passive at a fixed B/T ratio than central galaxies, and
this difference appears roughly constant throughout the full range
of B/T, from 0 - 1. This strongly suggests that whatever process(es)
are giving rise to the increase in the passive fraction for satellites
do not have to remove the disk, or engender significant morpholog-
ical evolution of any kind. This is particularly interesting because it
implies that the morphology - density and colour - density relation-
ships (e.g. Dressler et al. 1980, Butcher & Oemler 1984) are not
necessarily coupled as is often assumed, i.e. galaxies can become
redder (with lower sSFR) in denser environments without becom-
ing more bulge dominated.
The fact that central and satellite galaxies exhibit different re-
lationships between their passive fractions and various fundamental
galaxy properties (i.e. halo mass, total stellar mass, B/T structure)
requires that these two classes of galaxies be considered separately.
In this paper we will predominantly concentrate on the drivers of
quenching for central galaxies in the subsequent sections. However,
we are currently preparing a follow up paper specifically related to
understanding the quenching of satellite galaxies (Bluck et al. in
prep.).
For central galaxies the dependence on local galaxy over-
density is found to be noticeably weaker than that for satellites (see
e.g. Peng et al. 2012, Woo et al. 2013). In Fig. 9 we show explicitly
the passive fraction - halo mass relation for central only galaxies,
and divide this relationship in bins of over-density. We find that
there is little variation in this relationship across a wide range in
local over-density at a fixed halo mass. This immediately allows us
to disregard differential environmental effects as a primary driver
of quenching for central galaxies, at least insofar as these apply to
differences over and above that of halo mass. Differences in local
galaxy over-density produce only a small deviation in the fpassive
- M∗ and B/T relations as well, although they do exhibit somewhat
larger differences than that of halo mass. Thus, for central galaxies,
if one knows the halo mass additional environmental indices are
not required to accurately constrain the passive fraction.
In this paper we do not consider the role of galaxy pairs on star
formation directly. However, we direct interested readers to other
publications from our group (Ellison et al. 2008, Ellison et al. 2011,
Scudder et al. 2012, Patton et al. 2013, and Ellison et al. 2013) as
well as other references (Darg et al. 2010, Silverman et al. 2011,
Hung et al. 2013, Robotham et al. 2013) which together provide a
substantial body of evidence which suggests that the interaction of
galaxies in pairs, and subsequent merging, can lead to enhanced star
formation rates, as well as elevated nuclear activity, bluer colours,
and lower metalicities. We also note here that there is some debate
as to the final impact of merging and interactions on the global star
formation of galaxies, with e.g. Wild et al. (2009) arguing for inter-
actions leading to star formation cessation or quenching. However,
even if interaction and merging does ultimately cause galaxies to
shut off their star formation and turn red, they cannot fully explain
the existence of passive galaxies. This is because eventually star
formation would re-ignite due to cold gas inflows unless some ad-
ditional process(es) prevent this from happening (e.g. Bower et al.
2008). In this paper our primary concern is to better constrain and
understand the root cause(s) of why passive galaxies exist.
4.3 Differential effects on the passive fraction for centrals at
fixed stellar mass
The impact on the passive fraction of galaxies from varying stel-
lar mass and environment has been the subject of several papers
in the field (e.g. Baldry et al. 2006 in terms of galaxy colour, and
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Figure 10. Passive fraction split into stellar mass range as indicated on the top middle panel, for (from top left to bottom right): halo mass, bulge mass, bulge-
to-total stellar mass ratio (B/T), disk mass, and the over-density of galaxies evaluated at the 5th nearest neighbour (δ5). The 1σ error on the passive fraction
computed via the jack-knife technique, and bin size, are displayed as the error bars. The plots are organised in terms of the amount of variation experienced in
the passive fraction across stellar mass ranges at fixed other galaxy properties, from least (top left) to most (bottom right) variation. Of particular note in this
figure is the level to which the passive fraction at a fixed B/T ratio, disk mass, and δ5 is subdivided by stellar mass range, whereas halo mass and bulge mass
show distinctly less variation.
more recently Peng et al. 2010 and 2012 in terms of the passive
fraction). The fundamental result of this prior work is that both of
these properties are found to positively correlate with the passive
fraction, and moreover, that the effects of stellar mass and environ-
ment are separable, and hence presumably of different underlying
physical origin. In this section we investigate the effects of vary-
ing stellar mass range at fixed galaxy properties (halo mass, bulge
mass, B/T, δ5, disk mass) for central galaxies. The basic idea be-
hind this approach is that if a variable experiences little variation
in terms of its passive fraction dependence with the other variables
considered, e.g. stellar mass in this case, then it is shown to be more
fundamental than if it shows a large amount of variation.
The volume corrected passive fraction (defined in eq. 7) varies
as a strong function of total stellar mass (see Fig. 8, middle panel)
for central galaxies, after an initial threshold at M∗ ∼ 1010M.
In Fig. 10 we show the passive fraction relation with (from top left
to bottom right) halo mass, bulge mass, B/T, disk mass, and δ5. In
each case we split these relations into four ranges of stellar mass,
fromM∗ = 108M−1012M. This allows us to assess the effect
of varying the stellar mass whilst keeping other galaxy properties
fixed, and determine which, if any, are primarily unaffected by dif-
ferences in stellar mass. The ordering in Fig. 10 is such that the least
variation with stellar mass is shown at the top left, and increasing
variation progresses down to the bottom right. Initially this order-
ing is determined visually. Obviously, not all stellar mass ranges are
allowable at each binning of the other properties. For example, we
cannot probe an arbitrary range in bulge mass, disk mass, or halo
mass for centrals in terms of their stellar masses. However, there is
sufficient variation in these properties as a function of stellar mass
that there is almost always at least two stellar mass ranges possible
to probe at each binning of the other variables, and frequently more
than this.
By visual inspection of Fig. 10, we find that there is less vari-
ation across stellar mass ranges at a fixed halo mass, than for any
other galaxy property. However, this is at least partly due to the
restrictive range of halo masses allowable at a fixed stellar mass
for centrals (see back to Fig. 4 for an illustration). This result is
qualitatively similar to Woo et al. (2013) who use this fact to ar-
gue for halo mass-quenching (e.g. Dekel et al. 2009) being the
most likely physical driver for quenching. We also find that there
is fairly little variation at a fixed bulge mass across varying stel-
lar mass ranges, which can lead to an alternative explanation for
the quenching mechanism through bulge correlating processes, e.g.
AGN feedback. Interestingly, there is huge variation across stellar
mass ranges at a fixed B/T stellar mass ratio, indicating that B/T
cannot be the primary indicator for the passive fraction. This rules
out morphological quenching (e.g. Martig et al. 2009) as being a
primary driver to the cessation in star formation. The variation in
fpassive at a fixed B/T with stellar mass range is also contrary to the
simplistic view that bulges are red and disks are blue, which would
imply that the relative contribution of each (i.e. B/T) would be the
primary observable correlator with star formation (see e.g. Driver
et al. 2006). Finally, we find a huge variation at fixed disk mass
and δ5 with stellar mass, which implies that the existence and ex-
tent of the disk component, and differential environmental effects,
are to first order unimportant in constraining the passive fraction of
central galaxies.
The relative variation with stellar mass at fixed other galaxy
properties may be easily read off the plots in Fig. 10, however, it is
desirable to be a little more quantitative about this effect. We cal-
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culate the maximum difference, δfmaxp , between the highest and
lowest available range in stellar mass across the entire range of val-
ues in the other galaxy properties (i.e. halo mass, bulge mass, B/T,
disk mass, δ5). Specifically we calculate:
δfmaxp = δfp(α, β)
∣∣∣
max
=
(
fp(α|βmax)− fp(α|βmin)
)∣∣∣
max
(8)
where α indicates the variable on the horizontal axis (halo mass,
bulge mass, etc.) in, e.g., Fig. 10. In this case β indicates stellar
mass, i.e the range by which we split the initial variable, α (various
colours in, e.g., Fig. 10). We show this in its general form because
we will investigate the use of different metrics as our β-variable
in the subsequent sections. These values are presented in the first
column of Tab. 2. δfmaxp gives the maximum variation at a fixed
galaxy property, α, from varying another galaxy property, β, in this
case stellar mass. High values indicate that the stellar mass has a
significant effect at a fixed property, whereas lower values indicate
that stellar mass has a less significant differential effect. The errors
on δfmaxp are computed from adding in quadrature the errors on the
input fp values, which lead to the maximum difference.
We also consider the total impact of varying stellar mass over
the entire range of values of the other galaxy properties in, e.g.,
Fig. 10. Specifically, we calculate the (normalised) area enclosed
between the highest and lowest binnings of variable β, in this case
stellar mass, across the full range in each of the other galaxy prop-
erties, α:
A(δfp) =
1
∆α
∫ αmax
αmin
δfp(α, β) dα
=
1
∆α
∫ αmax
αmin
(
fp(α|βmax)− fp(α|βmin)
)
dα (9)
where α and β are defined as above. We show this in its most gen-
eral form because we will investigate the use of different metrics
as our β-variable in the subsequent sections (i.e. halo mass in §4.4,
and B/T in §4.5). We divide by the range in α (∆α = αmax−αmin)
so that maximum variation, and hence area enclosed, between the
highest and lowest bins of β across the full range in α has a value
of unity. No variation in the passive fraction from varying β across
the full range in α will lead to a normalised area equal to zero.
Note that this is similar to taking a mean of δfp, however, crucially
we do not weight by the number of galaxies in each bin. This is
extremely important because we are not attempting to construct a
likelihood of any given configuration, instead we are aiming to as-
sess the maximum allowable effect on the passive fraction of vary-
ing β (in this case stellar mass) across α (each of the other variables
in our study). In this sense it does not matter if, for example, low
B/T values are unlikely at high stellar masses (which happens to
be true, see Fig. 2), since we are attempting only to deduce the to-
tal impact of varying stellar mass at a fixed B/T ratio. The errors
on A(δfp) are evaluated from propagating the individual errors on
each δfp value through the summation.
In general, if δfmaxp (α, β) > δfmaxp (β, α), this implies that
there is a greater maximum difference in the passive fraction at
a fixed α by varying β than maximum difference at a fixed β by
varying α. Thus, we would conclude that β is more constrain-
ing of the passive fraction than α. Likewise, if A(δfp(α, β)) >
A(δfp(β, α)), this implies that there is greater variation across the
range in α by varying β than across the range in β by varying α.
Thus, we would also conclude that β is a greater single correlator to
the passive fraction than α. This gives the general prescription for
using these statistics to assess the differential effects on the passive
fraction of each variable in terms of the remaining variables.
In the first column of Tab. 3 we show the results for A(δfp)
applied to the configurations in Fig. 10. For both δfmaxp and
A(δfp) we arrange the variables into order of how much variation
they experience with stellar mass, with equivalent results. From
least to most variation these are: halo mass, bulge mass, B/T, disk
mass, δ5 (the same ordering as in Fig. 10). This suggests that B/T,
disk mass, and δ5 are not strong contenders for the most constrain-
ing single variable of fpassive. However, both halo mass and bulge
mass show strong correlations with the passive fraction at a fixed
stellar mass, indicating that they are worthy of further study. Since
there are strong inter-correlations between stellar mass and halo
mass, it is logical to explore how things differ at a fixed halo mass
instead of stellar mass. We explore this in the next section.
4.4 Differential effects on the passive fraction for centrals at
fixed halo mass
Following the prescription of the previous section, but now splitting
by halo mass instead of stellar mass, we assess the impact on the
passive fraction of each of the remaining variables in turn in Fig. 11.
This figure is organised (from top left to bottom right) in terms of
how much variation in the passive fraction at a given observable is
engendered through varying the halo mass. We find that there is less
variation with halo mass at a fixed bulge mass than for any other ob-
servable considered, and note that varying the halo mass by up to
three orders of magnitude does not significantly affect the passive
fraction at a fixed bulge mass. This implies that the passive fraction
is tightly coupled to the bulge mass, and perhaps further suggests
that bulge mass is more important than halo mass in assigning the
passive fraction. Interestingly, where there is variation in the pas-
sive fraction at a fixed bulge mass through varying the halo mass,
we find that higher mass halos harbour less passive galaxies for
their bulge mass, in the range Mbulge ∼ 109− 1010M. This sug-
gests that whatever mechanism, related to the bulge, which causes
quenching is more efficient in lower mass halos; and further rules
out halo mass quenching as a primary driver to star formation ces-
sation at these masses. The passive fraction at a fixed stellar mass
is slightly more affected by varying the halo mass than at a fixed
bulge mass, however, there is still a tight correlation evident here.
For the other variables (B/T, δ5, disk mass) we find a huge
variation in the passive fraction at fixed values of these parameters
across the ranges in halo mass explored. This result reflects the
result with stellar mass shown in the previous section (see Fig. 10),
and strongly suggests that the morphology, disk mass, and local
density of central galaxies is sub-dominant to knowledge of the
halo, bulge, or stellar mass in determining the passive fraction.
As in the previous section, we compute the maximum differ-
ence, δfmaxp (defined in eq. 8), between the extremes of the bin-
nings, but this time for halo mass instead of stellar mass. We also
compute the area enclosed between the extremes of the passive
fraction, A(δfp) (defined in eq. 9), also split by halo mass. The
results for these statistics are shown in the second column of Tab.
2 & 3, respectively. We find that bulge mass is statistically slightly
more constraining of the passive fraction than stellar mass, when
split by halo mass. Furthermore, it is striking how much variation
there is in the passive fraction at a fixed B/T ratio with halo mass,
further demonstrating that morphology (or structure) is not the pri-
mary correlator of the quenching process.
Comparing stellar mass split by halo mass (Fig. 11, top middle
panel) to halo mass split by stellar mass (Fig. 10, top left panel),
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Figure 11. Passive fraction split into halo mass range as indicated on the top left panel, for (from top left to bottom right): bulge mass, stellar mass, bulge-
to-total stellar mass ratio (B/T), the over-density of galaxies evaluated at the 5th nearest neighbour (δ5), and disk mass. The 1σ error on the passive fraction
computed via the jack-knife technique, and bin size, are displayed as the error bars. The plots are organised in terms of the amount of variation experienced
in the passive fraction across halo mass ranges at fixed other galaxy properties, from least (top left) to most (bottom right) variation. Of particular note in this
figure is the level to which the passive fraction at a fixed B/T ratio, disk mass, and δ5 is subdivided by halo mass range, whereas bulge mass and total stellar
mass show distinctly less variation, with bulge mass in particular showing very little differential effect from varying halo mass.
Figure 12. Passive fraction split into bulge-to-total stellar mass ratio (B/T) range as indicated on the top left panel, for (from top left to bottom right): bulge
mass, stellar mass, halo mass, the over-density of galaxies evaluated at the 5th nearest neighbour (δ5), and disk mass. The 1σ error on the passive fraction
computed via the jack-knife technique, and bin size, are displayed as the error bars. The plots are organised in terms of the amount of variation experienced
in the passive fraction across B/T ranges at fixed other galaxy properties, from least (top left) to most (bottom right) variation. It is clearly evident that all of
the metrics are subdivided by B/T structure, but by far the least variation is seen with bulge mass. Interestingly, both halo mass and total stellar mass show a
drastic variation in their passive fraction relationships with varying B/T structure.
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we see that there is more variation in the former than the latter
(see Tab. 2 & 3 for the statistics). This implies that halo mass is
more constraining of the passive fraction than stellar mass (as has
been argued for in Woo et al. 2013). However, since we have also
determined that bulge mass is a better single correlator than stellar
mass, we must now investigate which is dominant out of the halo
and the bulge.
4.5 Differential effects on the passive fraction for centrals at
fixed B/T structure
We have already established that B/T structure is not the primary
driver of the passive fraction, due to the large variation in the
fpassive - B/T relation when split by stellar or halo mass (see Figs.
10 & 11). However, we have not yet explored how varying structure
at a fixed stellar mass or halo mass affects the passive fraction. In
Fig. 12 we show directly the effect of varying the B/T ratio at fixed
other galaxy properties (for bulge mass, stellar mass, halo mass,
δ5, disk mass) on the passive fraction. Perhaps surprisingly, we ob-
serve a huge variation in the passive fraction across different B/T
morphologies at a fixed stellar mass and at a fixed halo mass. This
implies that neither stellar mass nor halo mass alone can constrain
the passive fraction accurately. In fact all of the metrics we explore
show some significant variation with galaxy structure in terms of
their passive fractions. However, clearly the least variation seen is
for bulge mass, and this motivates considering the bulge as the pri-
mary indicator of star formation quenching. This notwithstanding,
the fact that there is some noticeable variation at a fixed bulge mass
with B/T range further suggests that the disk mass may be a sig-
nificant secondary correlator to the passive fraction (even though
as a primarily correlator it always performs poorly, see Figs. 10 -
12 and Tab. 2 & 3). We investigate this possibility explicitly in the
next section.
We compute the maximum difference in the passive fraction,
δfmaxp , between extremes of B/T range, and further compute the
area enclosed between these extremesA(δfp) (see eq. 8 & 9 for the
definitions) for each of the other galaxy observables. We show these
results in the third column of Tab. 2 & 3, respectively. For both of
these metrics, we find that there is significantly less variation in
the passive fraction across B/T values at a fixed bulge mass, than
for stellar mass or halo mass. Further, halo mass and stellar mass
both exhibit statistically less variation than for disk mass and δ5
across differing B/T ranges. Applying a structural decomposition
to the passive fraction correlations with the various masses (bulge,
stellar, halo) has revealed a profound connection between the bulge
and the passive fraction, which transcends that of both stellar and
halo mass. This motivates a redefinition of ‘stellar mass-quenching’
(Peng et al. 2010, 2012) as ‘bulge mass-quenching’, since bulge
mass is more constraining of the passive fraction than stellar mass.
Moreover, ‘halo mass-quenching’ (as in Woo et al. 2013) is also
found to be sub-dominant to ‘bulge mass-quenching’. In the next
section we compare directly the role of these three masses in driv-
ing the passive fraction.
In principle we could go on and calculate the variation in each
of the rest of the variables, and thus show completely how much
each varies as a function of the remainder in terms of the passive
fraction (an exercise we have done but do not show for the sake
of brevity). This is ultimately superfluous, however, since we have
already shown that δ5 is a very poor correlator with the passive
fraction for centrals (see. Fig. 9), and bulge mass and disk mass are
represented in B/T and total stellar mass already.
4.6 Bulge Mass is King
In the previous three sub-sections we have explored the differen-
tial effects of intrinsic and environmental correlators to the pas-
sive fraction for central galaxies at fixed stellar mass, halo mass,
and B/T. Generally, bulge mass, halo mass, and stellar mass show
tighter correlations with less variation in the other variables, com-
pared to B/T, disk mass, and δ5 (see Figs. 10 - 12, and Tab. 2 &
3). Out of the top three most constraining variables, the different
masses show varying tighter dependencies in terms of the other
variables with which they are split. Since there are strong inter-
relations between all of the variables in our sample (with some ex-
amples shown in Figs. 2 - 4), attempting to combine the results into
some form of average is difficult, and ultimately poorly motivated.
As an alternative, we posit that it is the maximum variation a given
variable experiences in its passive fraction relationship with any of
the remaining variables which reveals how fundamental that first
variable is.
Accordingly, in Tab. 2 & 3 we rank each of the variables (bulge
mass, stellar mass, halo mass, B/T, disk mass, and δ5) according to
how much variation they experience in the passive fraction with the
most dividing of the remaining variables.
For the top three correlators to the passive fraction (bulge
mass, stellar mass, and halo mass) we find that the structural pa-
rameter, B/T, provides the greatest variation in the area contained
within the extremes passive fraction (see Tab. 3). Ordering by the
variation with B/T yields that bulge mass is the single tightest cor-
relator to the passive fraction, with stellar mass, then halo mass as
the next in line. A similar result is found for the maximum differ-
ence in the passive fraction (see Tab. 2). Note that for total stel-
lar mass and halo mass this gives a slightly different ordering than
with the direct comparison (see §4.4). This is probably due to the
fact that they are similarly constraining of the passive fraction, with
only slight differences, and the error on the ranking methods lead
to this discrepancy. Bulge mass, however, does significantly better
at constraining the passive fraction than both halo and total stellar
mass. All three of these masses correlate much stronger than B/T to
the passive fraction, which itself shows the greatest variation across
differing halo and stellar masses. Disk mass and δ5 are both very
poorly constraining of the passive fraction, showing large variation
with stellar mass, halo mass, and B/T.
To test explicitly the dominance of bulge mass over stellar
mass and halo mass in constraining the passive fraction, we show
fpassive vs. stellar mass (left panel) and halo mass (right panel) di-
vided into ranges of bulge mass in Fig. 13. There is a large amount
of variation in the passive fraction across varying bulge mass ranges
at both fixed stellar mass and halo mass. In fact the relationships
between passive fraction and stellar and halo mass are quite flat
at fixed bulge mass. Comparing this to the variation in the passive
fraction at a fixed bulge mass with varying stellar mass (Fig. 10 top
middle panel) and halo mass (Fig. 11 top left panel) reveals that
there is dramatically more variation in the passive fraction with
varying bulge mass at fixed halo and stellar mass than the other
way around. The fpassive - Mbulge relation remains very tight and
steep even when viewed in narrow bins of both stellar mass and
halo mass.
Statistically, we find that the total area enclosed by the passive
fraction from the extremes of varying bulge mass across the full
range in halo mass is A(δfp) = 0.31+0.02−0.02, with a maximum differ-
ence of δfmaxp = 0.74
+0.02
−0.02. For stellar mass varied by bulge mass
range we find an area enclosed by the passive fraction of A(δfp)
= 0.24+0.02−0.01, with a maximum difference of δf
max
p = 0.70
+0.02
−0.01.
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Figure 13. Passive fraction vs. stellar mass (left panel) and halo mass (right panel) both divided by bulge mass range as indicated on the stellar mass plot. The
1σ error on the passive fraction computed via the jack-knife technique, and bin size, are displayed as the error bars. Note the large variation in the passive
fraction across bulge mass ranges at both a fixed stellar mass and halo mass. This can be compared to the variation in the passive fraction at a fixed bulge mass
with stellar mass (Fig. 10 top middle panel) and halo mass (Fig. 11 top left panel). There is distinctly less variation in the passive fraction at a fixed bulge mass
with varying stellar and halo mass ranges than at a fixed halo or stellar mass with varying bulge mass ranges.
Figure 14. Left panel: Passive fraction vs. bulge mass divided by disk mass range, as indicated on the plot. Right panel: Passive fraction vs. disk mass divided
by bulge mass range, as indicated on the plot. The 1σ error on the passive fraction computed via the jack-knife technique, and bin size, are displayed as the
error bars. Note that there is larger variation in the passive fraction at a fixed disk mass with varying bulge mass than at a fixed bulge mass with varying disk
mass, which demonstrates that bulge mass is more constraining of the passive fraction than disk mass. However, there is still significant variation in the passive
fraction at a fixed bulge mass due to variation in disk mass, which implies that disk mass is a significant secondary correlator to the passive fraction.
Comparing these values to the values for bulge mass split by halo
mass (A(δfp) = 0.10+0.01−0.01; δf
max
p = 0.42
+0.02
−0.01), and stellar mass
(A(δfp) = 0.10+0.01−0.01; δf
max
p = 0.48
+0.02
−0.03), reveals that variation at
a fixed bulge mass with halo mass and stellar mass leads to signif-
icantly smaller areas contained and lower maximum differences in
the passive fraction than with varying bulge mass at fixed stellar
and halo masses. Thus, we conclude that whatever process(es) give
rise to the transition from the blue cloud to the red sequence in cen-
tral galaxies are coupled primarily to bulge mass, over halo mass,
stellar mass, and B/T.
Given that we have established that there is least variation in
the passive fraction at a fixed bulge mass in terms of the remainder
of our observables, we are now in a position to assess what is next
most important. At a fixed bulge mass, we have seen that there is
some residual widening of the passive fraction relation due to both
stellar mass and B/T ratio. This immediately suggests that the disk
properties may be the root cause of the variation at a fixed bulge
mass. To test this we show the fpassive - Mbulge relation in Fig.
14 (left panel), split by disk mass. There is a larger variation at a
fixed bulge mass with varying disk mass than for any other vari-
able (compare to Figs. 10 – 12, bulge mass plots), implying that
disk mass is the next most constraining variable after bulge mass,
even though as a contender for the dominant position it performed
particularly poorly (see, e.g., bottom right panels of Figs. 11 & 12).
Statistically, we find that the area contained within the fpassive
- Mbulge relation sub-divided by disk mass is A(δfp) = 0.20+0.02−0.02,
with a maximum difference δfmaxp = 0.62
+0.02
−0.01. These are signifi-
cantly higher values than for any other variable used to sub-divide
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the bulge mass - passive fraction relation (see Tab. 2 & 3, respec-
tively). Thus, we statistically confirm our by-eye evaluation that
disk mass engenders the greatest variation in the passive fraction
at a fixed bulge mass. Hence, disk mass is the best choice for the
second most important indicator of the passive fraction after bulge
mass.
On the right hand panel of Fig. 14 we show the fpassive -
Mdisk relation split by bulge mass range, and note that there is
far more variation with bulge mass at a fixed disk mass than the
other way around. Thus, observationally, if one desires to know
the likelihood that a given galaxy will be actively forming stars or
not, there would be a greater chance of answering correctly if one
has the bulge mass as opposed to either the halo mass, total stellar
mass, or B/T morphology alone. This is equivalent to attesting that
knowledge of the disk, its existence and extent, is sub-dominant
to knowledge of the bulge in determining the global star forming
properties of the whole system. However, once the bulge mass is
known, the single most constraining of the remaining variables is
actually the disk mass. Interestingly, knowledge of the halo mass is
not particularly constraining at all, once the inter-correlation with
bulge mass is accounted for; and stellar mass and B/T ratio are only
useful insofar as they correlate with the bulge mass, primarily, and
disk mass, secondarily.
Therefore, we are led to conjecture that the bulge determines
the star forming properties of the whole galaxy, with the specifics
of the disk being, to first order, ignorable if one wishes to determine
whether or not a galaxy will be forming stars actively or not. This
is quite a surprising result. Naively, one might expect that, since
most star formation occurs in the disks of regular galaxies, the disk
properties (i.e. stellar mass and mass ratio contribution) would play
a leading role in determining the global star formation properties of
the whole galaxy. However, we find that this is not the case. This
notwithstanding, at a fixed bulge mass the disk mass does provide
the greatest perturbation upon the dominant relation of fpassive -
Mbulge (Fig 14, left panel). This is not simply a reflection of stellar
mass being the second most constraining variable (see Tabs. 2 &
3), because an increase in total stellar mass is found to cause an
increase in the passive fraction, yet an increase in total stellar mass
at a fixed bulge mass actually decreases the passive fraction. That
is, once the dominant trend of the bulge mass - passive fraction re-
lation is accounted for, further increase in stellar mass increases the
SFRs of galaxies due to increasing their disk components. Thus, if
bulge mass is known, the next most significant correlator is pres-
ence of disk (which can be more constructively thought of as B/T
ratio or disk mass than total stellar mass). This does not cause a con-
flict with the rankings established above since they are an ordering
for the best single correlator to the passive fraction, and the disk
mass (or B/T) is only useful in conjunction with the bulge mass.
5 DISCUSSION
5.1 Comparison to Other Observational Studies
The existence of two distinct populations of galaxies, when divided
by integrated galaxy colour, sSFR, or as in this work ∆SFR, is ap-
parent from the bimodality of the distribution of these metrics (e.g.
Figs. 6 & 7). Much previous work has investigated the origin and
nature of this bimodality in galaxy properties (including Strateva
et al. 2001, Kauffmann et al. 2003, Baldry et al. 2004, Brinch-
mann et al. 2004, Ellis et al. 2005, Baldry et al. 2006, Driver et
al. 2006, Drory & Fisher 2007, Bell et al. 2008, Bamford et al.
Table 2. δfmaxp . The Maximum Difference Between Extremes of the Pas-
sive Fraction (at fixed α-variable from varying the β-variable).
Rank∗ α \β : M∗ MHalo B/T
1 MBulge 0.48
+0.02
−0.03 0.42
+0.02
−0.01 0.42
+0.01
−0.01
2 M∗ - 0.55+0.03−0.02 0.68
+0.01
−0.01
3 MHalo 0.34
+0.01
−0.01 - 0.70
+0.01
−0.01
4 B/T 0.74+0.01−0.07 0.82
+0.02
−0.01 -
5 δ5 0.80+0.01−0.01 0.90
+0.03
−0.01 0.90
+0.04
−0.04
6 MDisk 0.80
+0.01
−0.01 0.96
+0.01
−0.01 0.74
+0.03
−0.01
∗ The ranking is ordered from lowest to highest maximum difference, eval-
uated for each α-variable from the most dividing of the β-variables (see
§4.6).
Table 3. A(δfp). The Area Enclosed Between Extremes of the Passive
Fraction (at fixed α-variable from varying the β-variable).
Rank∗ α \β : M∗ MHalo B/T
1 MBulge 0.10
+0.01
−0.01 0.10
+0.01
−0.01 0.16
+0.02
−0.02
2 M∗ – 0.13+0.01−0.01 0.32
+0.02
−0.03
3 MHalo 0.07
+0.01
−0.01 – 0.39
+0.02
−0.02
4 B/T 0.46+0.02−0.02 0.62
+0.03
−0.04 –
5 δ5 0.56+0.02−0.02 0.68
+0.03
−0.03 0.59
+0.05
−0.03
6 MDisk 0.57
+0.02
−0.02 0.76
+0.02
−0.02 0.60
+0.02
−0.01
∗ The ranking is ordered from lowest to highest area enclosed, evaluated for
each α-variable from the most dividing of the β-variables (see §4.6).
2009, Cameron et al. 2009, Cameron & Driver 2009, Peng et al.
2010, Wuyts et al. 2011, Peng et al. 2012, Bell et al. 2012, Cheung
et al. 2012, Barro et al. 2013, Fang et al. 2013, Mendel et al. 2013,
and Woo et al. 2013, Omand et al. 2014). Various internal struc-
tural properties of galaxies, such as total stellar mass, Se´rsic index,
central light concentration, B/T luminosity ratio, as well as envi-
ronmental features, such as halo mass, local galaxy surface num-
ber density, cluster-centric distance, and central - satellite divisions,
have been shown to correlate with the bimodality of galaxies’ star
forming properties, and/or global colour. Beyond this, several at-
tempts to construct a phenomenological model for the cessation of
star formation (or ‘quenching’) have been made, most notably by
Baldry et al. (2006) and Peng et al. (2010, 2012). Great success has
been achieved in predicting the probability of a given galaxy be-
ing passive from these models, yet one may wish to go further and
understand what physical process(es) are giving rise to this trans-
formation of galaxies from the star forming main sequence to the
passive red sequence.
In this work we have examined the dependence of the passive
fraction on total stellar mass, halo mass, environment from local
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over-density and central - satellite divisions, galaxy structure from
B/T stellar mass ratio, and bulge and disk masses separately. Fur-
thermore, due to our large sample of over half a million galaxies we
have examined the differential effects of these potential drivers for
the cessation of star formation, e.g. we examine the impact of vary-
ing B/T structure on the passive fraction at a fixed stellar mass for
central galaxies, where additional environmental effects are negli-
gible. We find agreement with Peng et al. (2010, 2012) in noting a
positive correlation between stellar mass and the passive fraction,
which is separable from the dependence of the passive fraction on
environmental metrics, such as central - satellite division (see Fig.
8). However, we extend this analysis by looking at the role of B/T
structure and bulge mass and disk mass, separately, at a fixed to-
tal stellar mass, as well as by considering the differential effect of
varying halo mass (as in Woo et al. 2013).
We find that, for centrals, there is least variation in the passive
fraction at a fixed bulge mass, through varying the remainder of the
observables studied in this work. This implies that bulge mass is
the tightest single correlator to the passive fraction, better than halo
mass, total stellar mass, B/T structure, disk mass, or δ5 (see Tab.
1 & 2). We see explicitly in Fig. 13 that the fpassive −M∗/Mhalo
relations are quite flat at a fixed bulge mass, whereas the relation-
ship between fpassive − Mbulge remains tight and steep at fixed
stellar mass (Fig. 10, top middle panel) and halo mass (Fig. 11, top
left panel). Superficially, this disagrees with Woo et al. (2013) who
have argued for halo mass being the primary driver for quenching
centrals, and also disagrees with Peng et al. (2010, 2012) who have
argued for total stellar mass being the primary intrinsic driver of
quenching. However, these previous works do not have a structural
index parameter and so the comparison is incomplete.
If we restrict our investigation to halo mass, stellar mass and
δ5 (as in Woo et al. 2013) for central galaxies, i.e. disregarding our
bulge + disk decompositions and hence bulge mass, disk mass, and
B/T, we recover an equivalent result. In fact we find that there is less
variation at a fixed halo mass than for stellar mass or δ5, through
varying the remainder of the variables. If we restrict our investiga-
tion further and only consider stellar mass and δ5 for centrals (as
in Peng et al. 2012) we find that there is a tight fpassive −M∗ re-
lation and that additional variation with δ5 is negligible, in close
accord with the prior study. Finally, if we restrict the stellar mass
range studied (as in Driver et al. 2006) and allow ourselves to vary
B/T (which correlates well with Se´rsic index, which they use) we
find a strong correlation between structure and the passive fraction
(e.g. Fig. 10, top right panel) and a strong bimodality in colour (or
∆SFR)/ morphology, which is consistent with their result. There-
fore, our results are perfectly consistent to much previous work,
however, we extend this by uncovering the dominant role of bulge
mass in constraining the passive fraction through a full structural
analysis.
The importance of bulge mass in constraining the passive frac-
tion agrees well with Cheung et al. (2012) and Fang et al. (2013),
who consider the central surface mass density, as a proxy for bulge
mass, and note that this is more constraining of the passive fraction
than stellar mass alone. Our result also agrees well with Bell et al.
(2008), who find that a high Se´rsic index bulge is always found in
truly passive systems, and with Drory & Fisher (2007) who find that
classical pressure supported bulges (as opposed to pseudo-bulges)
are implicated in forming passive (red) galaxies. Moreover, recent
work by Mendel et al. (2013) established that recently quenched
galaxies also have higher Se´rsic indices (and are visually more
likely early-type) than star forming galaxies, implying that the pres-
ence and growth of bulge structure occurs contemporaneously to
the cessation in star formation. Earlier work by Kauffmann et al.
(2003) and Brinchmann et al. (2004) also note that higher concen-
tration and Se´rsic index systems are preferentially passive at a fixed
stellar mass, suggesting the ultimate role of the bulge in determin-
ing the passive fraction. Perhaps our greatest contribution in this
work is demonstrating that it is bulge mass specifically, rather than
B/T structure or Se´rsic index, which is the tightest single correlator
to the passive fraction, and in further establishing that bulge mass
is a stronger driver to the passive fraction than total stellar mass
or even halo mass for centrals. In principle this fact can be quite
constraining to the proposed theoretical models for quenching (see
§5.2 & 5.3).
The fact that the passive fraction is more constrained by bulge
mass than total stellar mass or halo mass for central galaxies, mo-
tivates a reformulation of Peng et al. (2010, 2012) ‘stellar mass-
quenching’ as ‘bulge mass-quenching’. Moreover, we also con-
clude that ‘bulge mass-quenching’ is more significant than ‘halo
mass-quenching’ (e.g. Woo et al. 2013) for central galaxies. How-
ever, the root physical cause for the tight correlation between bulge
mass and the passive fraction is not yet established. We argue in the
next section that the tight correlation between bulge mass and cen-
tral supermassive black hole mass (Haring & Rix et al. 2004) offers
a tempting solution through AGN feedback, particularly through
the radio-mode (e.g. Croton et al. 2006). ‘Bulge mass-quenching’
may therefore ultimately be the observational corollary of radio-
mode AGN feedback. Thus, feedback from the AGN dominates for
centrals over virialised shock heating of infalling gas into the halo
(which correlates primarily to halo mass, e.g. Dekel et al. 2009),
and morphological quenching from the bulge component stabiliz-
ing giant molecular cloud collapse in the disk (which correlates
primarily to B/T, e.g. Martig et al. 2009).
An interesting feature of the fpassive −M∗ relation (see Fig.
12 top middle panel) is that there appears to be a threshold in stel-
lar mass at which galaxies start to shut off their star formation (as
also seen in Geha et al. 2012), but that this threshold value varies
as a function of B/T structure. Indeed, if we look at this in terms
of bulge mass (see Fig. 12 top left panel) we see that the threshold
mass varies much less with structure. This implies that the process
which drives the shutting down of star formation in central galaxies
is only viable at bulge masses above ∼ 109 M. Perhaps coinci-
dentally, this is exactly where the lowest mass central black holes
are detected (e.g. Greene et al. 2010), potentially further implicat-
ing AGN feedback mechanisms in our new ‘bulge-mass quenching’
picture.
Once the dominance of bulge mass is taken into account, the
next most constraining variable that we have considered is ac-
tually disk mass. That is, the passive fraction experiences more
variation at a fixed bulge mass with varying disk mass, than for
any other variable, including halo mass and δ5 (see left panel of
Fig. 14, and compare to the bulge mass plots in Figs. 10 – 12).
This suggests that whatever process(es) give rise to star forma-
tion quenching in centrals, which must correlate closely with bulge
mass, must also not destroy the disk components of galaxies, such
that varying disk mass can construct a perturbation upon the domi-
nant fpassive −Mbulge relation. In the next section we construct a
plausibility argument for the most likely theoretical explanation to
the observational trends seen in this paper.
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5.2 Potential Theoretical Explanations I: Radio-Mode AGN
Feedback
For central galaxies, we find that bulge mass is more constraining of
the passive fraction than halo mass, total stellar mass, or B/T struc-
ture alone (see Tab. 1 & 2). This requires a dominant mechanism
for the cessation of star formation which is coupled intrinsically to
the process which builds up the bulge, or some other phenomenon
which is tightly coupled to the bulge. A natural solution is that of
the supermassive black hole - bulge mass relation (Haring & Rix
2004), and the link between black hole mass and the total integrated
energy released in forming the black hole. It has been known for
some time that the energy released by AGN over their lifetimes can
be as great as a hundred times the binding energy of a given host
galaxy (Silk & Rees 1998, Fabian et al. 1999), and that at least half
of all massive galaxies will harbour bright Seyfert luminosity AGN
at some point since z = 3 (Bluck et al. 2011). This energy can pro-
vide the feedback mechanism needed to shut off the star formation
in such a way that bulge mass is found to be dominant in deter-
mining the star forming properties, i.e. passive fraction, of galaxies
observationally.
We present a sketch for the conceptual framework in which
radio-mode AGN feedback could naturally lead to similar results
to those found in this work. First it is important to note that the use
of AGN feedback in all cosmological simulations of galaxy forma-
tion and evolution (both from a semi-analytical and hydrodynami-
cal approach) is required to explain the steepness of the stellar mass
function at high masses, and thus shut off star formation in these
systems, preventing super-massive galaxies from forming (Croton
et al. 2006, Bower et al. 2006, de Lucia et al. 2006, de Lucia &
Blaizot 2007, Bower et al. 2008, Guo et al. 2011, Vogelberger et al.
2013).
In most contemporary theoretical frameworks (e.g. Croton et
al. 2006, Bower et al. 2008, Guo et al. 2011) it is radio-mode, not
quasar-mode, AGN feedback which is expected to have the domi-
nant impact on the star formation history of most masses of galax-
ies. It is pertinent to note here that it is not the instantaneous accre-
tion rate or current luminosity of an AGN which is expected in these
theoretical models to provide the energy for the radio-mode AGN
feedback process, but rather the total integrated energy in form-
ing the black hole over cosmic time. AGN are highly variable and
stochastic systems and it is reasonable to expect that any strong di-
rect observational signal of this gentle and long lasting feedback to
be washed out by this variability. Moreover, since AGN and new
stars both need gas in order to form and be active, it is logical that
bright AGN would preferentially reside in gas rich star forming sys-
tems (as found by Diamond-Stanic et al. 2012). Nonetheless, the in-
tegrated effect of an AGN inputting energy into the halo of a galaxy
at much lower luminosities than that applicable to the quasar-mode
regime could still have an effect on the star forming efficiency of the
galaxy over long time periods. In such a scenario we will show that
it is black hole mass, and thus bulge mass, which will be the key
observable for AGN driven cessation of star formation, not black
hole accretion rate or AGN luminosity.
The total energy, EBH , released in forming a black hole of
mass, MBH , can be given by the integral over time, from the for-
mation time to the present, of the time-dependent total bolometric
luminosity of the black hole accretion disk, LBH . The bolometric
luminosity is coupled to the accretion rate of the back hole (see e.g.
Bluck et al. 2011), and can be calculated from the temporal deriva-
tive of the energy-mass equivalence formula (E = Mc2). Thus we
can write:
EBH ≈
∫ t0
tform
LBH(t)dt =
∫ t0
tform
ηc2
dMBH(t)
dt
dt
= ηc2
[
MBH(t0)−MBH(tform)
]
≈ ηc2MBH(t0) (10)
Where η is the fraction of accreted matter converted into energy via
the accretion process. η is permitted to vary from 0 - 0.37 on theo-
retical grounds, see Thorne (1974), and is observationally found to
reside at a value around 0.1, with no indication of redshift or lumi-
nosity dependence (e.g. Elvis et al. 1994, Elvis et al. 2002, Bluck et
al. 2011). By assuming time independence of η, it is trivial to show
that the total energy released in forming a black hole is proportional
to its mass, hence:
EBH ∝MBH (11)
Therefore, the total energy released from forming a black hole must
also be proportional to the mass of the bulge or spheroid, due to the
observed bulge mass – black hole mass relationship (Magorrian et
al. 1999, Ferrarese & Merritt 2000, Gebhardt et al. 2000, Haring &
Rix 2004):
MBH ∝Mαbulge (12)
where α is determined observationally. Thus, the total possible en-
ergy available for AGN feedback, EBH , is also proportional to the
mass of the bulge component, or spheroid, in log-space.
It is reasonable to assume that, within the radio-mode AGN
feedback driven quenching model, the probability of a galaxy be-
ing passive will be positively correlated with the amount of energy
available to feedback on the system, above some activation thresh-
old. The total energy available to feedback on the system will be
some fraction of the total energy released by the black hole forma-
tion and growth. Thus, we can write:
Ppassive ∼ Efeedback − φAct = κEBG − φAct (13)
where κ is the fraction of energy released in forming the black hole
that is available, via momentum and energy conserving modes, to
couple back to the galaxy and cause the AGN feedback on star for-
mation. φAct is the activation energy, i.e. the amount of energy re-
quired before an effect on the passive fraction is noticeable, which
will vary as a function of halo mass for central galaxies.
In the radio-mode paradigm the feedback energy will couple
negatively to the star formation in the galaxy via gently heating
the gas in the halo in which the galaxy resides over long periods
of time, shutting down the supply routes of the cold gas used as
fuel for star formation. Putting all of this together, and assuming
that the probability of being passive is roughly equivalent to the
volume corrected fraction of passive systems in a given population
(i.e. fpassive ∼ Ppassive), we arrive at:
fpassive ∼Mbulge − φ
′
Act (14)
which is essentially the main observational result of this paper (see
Figs. 10 - 12, and §4.6). Note that we can constrain the mass activa-
tion threshold (φ
′
Act) to be at Mbulge ∼ 109−9.5M. We can also
constrain the functional form of the fpassive −Mbulge relationship
to be roughly logarithmic, i.e.
fpassive ≈ γ
(
log(Mbulge)− log(φ
′
Act)
)
(15)
where the constant of proportionality, γ, is found to be approx-
imately 0.5 ± 0.2. However, in Fig. 14, which plots the passive
fraction against bulge mass, and divides by disk mass range, we
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do still see some significant variation in the passive fraction at a
fixed bulge mass. This variation is less than for the other internal
structural parameters studied in this work, but nonetheless it is still
desirable to understand where the scatter comes from.
Yet again, AGN radio-mode feedback offers a plausible expla-
nation. In this paradigm the gas in the galaxy is never pushed out or
heated substantially, only the gas in the halo is gently heated over
long time scales. This results in the supply routes of cold gas into
the galaxy being shut down, but the gas already present will remain,
and if conditions are right continue to form stars. Since more disk
dominated galaxies are thought to have larger cold gas reservoirs
than more spheroidal galaxies (e.g. Young et al. 1989), it is natural
to expect that the effects of radio-mode quenching will take longer
to be manifest in more disky systems. This will result in galaxies
having lower passive fractions for their bulge mass at higher disk
masses, as is seen explicitly in Fig. 14.
5.3 Potential Theoretical Explanations II: Other Possibilities
In addition to AGN radio-mode feedback, at least four other physi-
cal processes have been proposed to affect the bulge mass - passive
fraction inter-dependency for central galaxies. We assess these in
turn here:
1) The bulge component stabilizing disk instabilities, which
lead to the formation of giant molecular clouds (GMCs), which are
the sites of star formation in galaxies (as in Martig et al. 2009). In
this scenario tidal torques are evoked to stabilize the collapse of star
forming regions, and these have a 1/r3 fall off, which implies that
morphology (or B/T) would be a better indicator than bulge mass
itself. This is because at a fixed B/T ratio, increasing the bulge mass
will also increase the disk mass and hence radius to the GMC, such
that the increase in size dominates over the increase in mass on
the tidal force. We observe that higher bulge masses at a fixed B/T
are more (not less) passive (see Fig. 12 top left panel). Thus, we
can rule out morphological quenching as a primary driver of the
passive fraction.
2) Central galaxies with higher mass bulges reside in higher
mass halos for their total stellar masses (e.g. Cole et al. 2000). This
results in an increase in the importance of halo-mass quenching (as
in Dekel & Birnboim 2006, Dekel et al. 2009) for these systems.
However, in this scenario the single tightest correlator to the passive
fraction would be expected to be halo mass, and yet we find that
there is greater variation in the passive fraction at a fixed halo mass
with varying bulge mass, than at a fixed bulge mass with varying
halo mass (compare Fig. 11 top left panel to Fig. 13 right panel).
Therefore, halo mass quenching cannot be the primary driver of the
passive fraction for central galaxies.
3) Quasar-mode AGN feedback from catastrophic bursts of
AGN activity in major gas-rich galaxy mergers (as in Di Matteo et
al. 2005, Hopkins et al. 2006a,b, Hopkins et al. 2008). Even though
the merger rate at low redshifts is very low (e.g. De Propris et al.
2007), the potential increase in the merger rate with redshift (Bluck
et al. 2009, Lin et al. 2008, Lopez-Sanjuan et al. 2012, Bluck et
al. 2012, Man et al. 2012) may indicate that the quasar-mode feed-
back route may have been more significant in the earlier Universe.
That said, whatever process(es) shut of the star formation in galax-
ies must not destroy the (sometimes substantial) disk components,
and this favours a more gentle process, such as radio-mode AGN
feedback. Even if the disks reform (as argued for in Hopkins et al.
2013), these reformed disk would be actively forming stars, not
passive as seen in many cases in this paper. Thus, quasar-mode
feedback cannot be the only cause of the trends witnessed here,
with radio-mode feedback needed to keep passive systems from
accreting gas and reforming star-forming disks.
4) Galaxy mergers and interactions can result in the cold gas
reservoirs of galaxies being depleted in periods of enhanced star
formation (e.g. Ellison et al. 2008, Scudder et al. 2012, Patton et
al. 2013), as well as growing the central black hole (e.g. Sanders
et al. 1988, Di Matteo et al. 2005, Ellison et al. 2011), which can
lead to more effective radio-mode AGN feedback and larger bulge
components as well (e.g. Hopkins et al. 2010). However, this is
likely better thought of as a set of physical processes, with distinct
and, in principle, separable effects. These include environment (e.g.
tidal interactions and harassment), enhanced stellar, supernova, and
AGN feedback, halo-mass growth, and bulge growth modes in ad-
dition to the depletion of cold gas reservoirs. These may all induce
a transition from the blue cloud to the red sequence, and further
will lead to correlations with the bulge. However, it is clear that
major merging is not essential for a galaxy to become passive be-
cause large intact passive disks are found in our sample (see, e.g.,
Fig. 10 top right panel). Furthermore, since minor mergers tend to
actually bring gas into the system, it is difficult to see how these
could directly lead to an increase in the passive fraction. Of course,
indirectly, insofar as they result in an increase in halo mass, bulge
mass, and central black hole mass they can couple to 1), 2), and
3), which have already been discussed above and ruled out as the
primary drivers of the passive fraction.
We are led to conjecture that by far the most obvious and likely
explanation to the tight fpassive−Mbulge relationship witnessed in
this paper is AGN feedback through the radio mode. This is be-
cause the other proposed mechanisms for achieving star formation
cessation are not fully consistent with our data. In particular, we
find that bulge mass is a tighter correlator than halo mass, ruling
out halo mass-quenching (e.g. Dekel & Birnboim 2006) as a dom-
inant route. We also find that morphology is not the primary driver
of the passive fraction, which rules out morphological quenching
(Martig et al. 2009). The fact that large extended passive disks are
found to exist in our sample further rules our major merging and
the AGN quasar-mode as likely drivers of the passive fraction. So,
we are left with radio-mode AGN feedback (e.g. Croton et al. 2006,
Bower et al. 2008) which is found to couple to bulge mass (see eq.
10 and surrounding text), and fully allows for a perturbation on this
trend from varying disk mass (as seen in Fig. 14).
6 CONCLUSIONS
In this paper we have studied the star forming properties of over
half a million SDSS galaxies at z = 0.02 - 0.2, with stellar masses
in the range 8 < log(M∗/M) < 12. Our sample contains a large
variety of morphological types from pure spheroids to disks, via
a sequence in bulge-to-total stellar mass ratios, and encompasses
a range in halo mass and local galaxy density of over four orders
of magnitude. We use the SDSS DR7 (Abazajian et al. 2009) with
spectroscopically determined SFRs from Brinchmann et al. (2004).
We construct a definition of passive from the distance to the star
forming main sequence, ∆SFR, that each galaxy resides at. Specif-
ically, we define a galaxy to be passive if it is forming stars at a rate
a factor of ten lower than similar stellar mass and redshift galaxies
which are actively star forming. This metric clearly distinguishes
star forming from passive galaxies (see Fig. 6).
We construct the passive fraction, which is the fraction of pas-
sive galaxies to total galaxies in a given sub-sample, weighted by
the inverse of the volume over which galaxies of given magnitudes
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and colours would be visible in the SDSS, thus removing observer
bias. In particular, we use bulge + disk decompositions in ugriz
photometry (from Simard et al. 2011) and in stellar mass (from
Mendel et al. 2014), and group membership and halo masses from
Yang et al. (2007, 2009). We investigate the effects on the pas-
sive fraction of varying total stellar mass, halo mass, bulge mass,
bulge-to-total stellar mass ratio (B/T), disk mass, local galaxy over-
density, and central - satellite divisions. We summarise our key re-
sults here.
For the whole sample:
•We find that the SFR -M∗ relation is not dependent on B/T struc-
ture or local galaxy density for star forming galaxies (Fig. 5), and,
thus, that stellar mass and redshift are the only drivers of this rela-
tion.
• The ∆SFR parameter cleanly divides galaxies into two popula-
tions, a star forming and passive peak. The star forming peak is
dominated by lower stellar and halo masses, lower B/T ratios, and
lower local over-densities, whereas the passive peak is dominated
by higher stellar and halo masses, higher B/T ratios, and higher
local over-densities (see Figs. 6 & 7).
• We find positive correlations between the passive fraction and
total halo mass, stellar mass, and B/T structure for both central and
satellite galaxies (Fig. 8).
• We also find that satellite galaxies have higher passive fractions
for their stellar masses and B/T structures than central galaxies.
This effect is more pronounced at low stellar masses, suggesting
that the environmental processes which cause cessation in star for-
mation are more effective in lower mass galaxies.
• At a fixed halo mass we find that centrals are more passive
than satellites, most probably due to their relatively higher stellar
masses. This suggests that intrinsic drivers to the passive fraction
dominate over environmental effects.
For the remainder of our analyses in this paper we select
only central galaxies where additional environmental effects to halo
mass are found to be negligible.
For central galaxies:
•We find a correlation between B/T structure and the passive frac-
tion, but note that there is large variation at a fixed B/T with both
stellar and halo mass (Figs. 10 & 11).
• We also find a strong correlation between the passive fraction
and total stellar and halo mass, but we discover that this correlation
varies substantially with B/T structure (Fig. 12), such that more
spheroidal (higher B/T) galaxies are more frequently passive for
their stellar or halo mass than more disk-like (lower B/T) galaxies.
• The passive fraction - bulge mass relation exhibits the least vari-
ation in terms of the other variables considered, suggesting that
bulge mass is the primary driver of the passive fraction. In fact we
find far more variation at a fixed stellar or halo mass with varying
bulge mass range than at a fixed bulge mass with varying stellar or
halo mass range (see Fig. 13 and compare to Figs. 10 & 11).
•We quantify the maximum difference in passive fraction (δfmaxp )
between the highest and lowest binnings of each variable in turn
at fixed other galaxy properties (see Tab. 1). We also compute the
area enclosed (A(δfp)) between the highest and lowest binnings of
each variable at fixed other galaxy properties (see Tab. 2).
• From the δfmaxp and A(δfp) statistics we find that there is sig-
nificantly less variation at a fixed bulge mass than for any other
variable, including halo mass, stellar mass, and B/T structure.
• At a fixed bulge mass, there is greater variation in the passive
fraction with disk mass than for any other variable. This implies
that the disk mass is the next most important variable to know after
bulge mass, ahead of, e.g, halo mass and local galaxy density.
We construct a plausibility argument for the explanation of our
observed trends through radio-mode AGN feedback in §5.2. In par-
ticular, we demonstrate that the total energy available to feedback
on galaxies from the AGN is proportional to the black hole mass,
and hence also tightly correlated with the bulge mass (e.g. Haring
& Rix 2004). Thus, bulge mass is expected to correlate better with
the passive fraction than current instantaneous AGN luminosity or
accretion rate. We go on to consider whether our results are con-
sistent with various other proposed quenching mechanisms in §5.3.
We conclude that the tighter correlation between passive fraction
and bulge mass, than with halo mass or B/T structure, rule our halo
mass quenching (e.g. Dekel & Birnboim 2006) and morphologi-
cal quenching (e.g. Martig et al. 2009) as dominant routes for star
formation cessation. We also argue that the presence of substantial
passive disk components in our sample rules out major merging
and AGN quasar-mode feedback as the dominant quenching mech-
anism, preferring the gentler radio-mode process.
In summary, we explore the origin of galaxy bimodality
through a detailed analysis of the star forming properties of over
half a million local SDSS galaxies, for which we have bulge + disk
decompositions. We evaluate how the passive fraction varies as a
function of both intrinsic galaxy structural properties, and of en-
vironment. Our most important result is that the passive fraction
for central galaxies is more tightly coupled to bulge mass, than any
other intrinsic property, including total stellar mass, halo mass, and
B/T structure. This requires that the physical mechanism(s) for in-
ducing the cessation of star formation must be strongly coupled to
the bulge. Finally, we argue that radio-mode AGN feedback offers
the most plausible theoretical framework for an explanation of this
observational result.
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APPENDIX A: TESTING B/T RECOVERY WITH MODEL
GALAXIES
In this appendix we construct a variety of tests to probe the reliabil-
ity of our bulge + disk decompositions, and assess their suitability
for performing scientific studies such as the one presented in the
main body of this paper.
We use a suite of simulated mock galaxies to see how the
GIM2D code performs in recovering known B/T ratios for galax-
ies embedded in the sky background of the SDSS, and with similar
apparent magnitudes and sizes to the galaxies studied in this paper.
Two distinct types of model galaxies are used. First, we construct
composite systems from a ns = 4 bulge + ns = 1 disk and add these
together in various combinations, spanning the full B/T range. In
total there are ∼ 25,000 simulated galaxies with (B/T)r = 0 - 1,
apparent r-band magnitude Mr = 14 - 17.7, and with half-light disk
radii = 0.1 - 12 pixels. We restrict the sample to those mock galax-
ies with half light radii rhalf < 15 pixels, without embedded disks,
i.e. we further require that rbulge < 1.67×rdisk. An initial analysis
of this data set is provided in Mendel et al. (2014) with relation to
the use of the photometric B/T determinations from Simard et al.
(2011), and the further implementation of this photometric input
in the derivation of stellar masses for bulge and disk components.
Here we restrict our analysis to (the representative) r-band decom-
positions, which scale well with stellar mass for most systems.
In Fig. A1 we present comparisons of model input parameters
to output r-band bulge-to-total light ratios, (B/T)r . On the left-hand
panel of Fig. A1 we plot the input simulated (B/T)r against the
output, recovered, (B/T)r from GIM2D fitting. To guide the eye we
add the one-to-one line. We also show the position of the mean and
the standard deviation about the mean for a range of binnings. It
is clear that there is generally very good retrieval of the simulated
input (B/T)r for the full range of values. The average standard devi-
ation about the mean is 0.17, and we can use this as an approximate
1 σ error estimate on a single B/T value. This level of accuracy is
more than sufficient to proceed with the investigations attempted in
this work. Since we always bin B/T values together, and further do
not look at differences in B/T less than 0.1, we are benefited greatly
by the large number of galaxies in our sample, and the 1/
√
N re-
duction in error on the mean of the binning. Even without this sta-
tistical advantage, we could still proceed with the bulk of analyses
presented in the paper, because sensitivities in B/T of< 0.25 would
still convincingly separate out morphologies and variation in bulge
and disk mass properties.
The standard deviation around the 1:1 line is not the only in-
dicator of the success of the fits. One must also look at the mean
(or median) recovered value for each binning. Here again we find
a very good agreement across our full simulated sample, with typ-
ical deviations from the 1:1 line of ± 0.05. This is a success rate
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Figure A1. Left-hand panel: Simulated input B/T ratio vs. GIM2D recovered B/T ratio, both computed in the r-band. The simulated (model) galaxies are
constructed from a ns = 4 bulge + ns = 1 disk profile, linearly combined to give a range in B/T values, and a range in intrinsic galaxy properties, similar to that
observed in the SDSS. Middle panel: The difference between input and output B/T ratio (∆(B/T)r = (B/T)r,sims - (B/T)r,GIM2D) vs. input apparent r-band
magnitude, Mr . Right-hand panel: ∆(B/T)r vs. input size of the disk component, Rdisk, in pixels. In all plots the red dots indicate the mean of the bin, with
the error bars showing the full 1 σ dispersion around the mean. Only one in every 20 points are shown at random in light blue for clarity. There is generally
very good retrieval of simulated B/T ratios by the GIM2D code across a range in magnitudes, sizes and B/T values similar to the SDSS galaxies studied in this
paper.
far above the minimum required for robustness in the results of
this paper. We further investigate whether there are any dependen-
cies on the the deviation from perfect (B/T)r recovery which scale
with apparent magnitude (middle panel in Fig. A1) and with disk
size (right panel in Fig. A1). Here we find typically good agree-
ment at all magnitudes and sizes, with ∆(B/T)r (= (B/T)r,sim -
(B/T)r,GIM2D) giving absolute values < 0.08 in all of the binnings
considered. We do notice a slight increase in ∆(B/T)r with both in-
creasing apparent r-band magnitude and increasing disk size. This
is as expected, since with less bright observed galaxies and with
galaxies with their light spread over larger surface areas (higher
disk radii) the fits have to contend with lower surface brightness and
hence less well resolved features. This notwithstanding, the gen-
eral agreement is excellent and more than sufficient to utilise the
bulge + disk photometric decompositions for composite systems,
throughout the magnitude and size range targeted in this study.
However, not all galaxies are genuinely two-component sys-
tems, with a well behaved bulge (with ns ∼ 4) and a well behaved
disk (with ns ∼ 1). In order to test the overall accuracy of our
decomposition methods we must also test the case where we fit
a galaxy with GIM2D for two-components, but it has only one
component. To investigate this we construct another sample of ∼
65,000 simulated galaxies, this time with a pure single Se´rsic pro-
file with ns = 0.5 - 8. Again these span a similar range in apparent
magnitude and recovered size (in pixels) as the SDSS galaxies in
our sample. For their analysis we embed the systems into the SDSS
sky background and perform the GIM2D photometric fitting ex-
actly as is done with the observations.
The results of the fitting recovery can be seen in Fig. A2. The
colours indicate the input Se´rsic index (with redder colours indicat-
ing higher Se´rsic indices), and the distribution shows the recovery
of (B/T)r by GIM2D. Ostensibly, since all of the galaxies consid-
ered in this plot are modeled from a pure single Se´rsic profile all
of their B/T values should be either zero or one. Of course, in the
case where ns ∼ 3 by far the most common physical cases from
real data are for bulge + disk systems, and thus the sense in which a
galaxy can be a pure (single component) system with an intermedi-
ate ns is somewhat misleading. For the remainder of this discussion
we will only consider the high and low Se´rsic index systems, which
we may assume ought to have recovered GIM2D (B/T)r values of
either one (for high ns) or zero (for low ns).
For the disks (with input ns < 2), we find that the recovered
(B/T)r has a distribution which is peaked at zero, and has a power
law tail to higher values. Almost 80 % of input disks are recovered
with (B/T)r < 0.2, and over 95 % of disks are recovered with
(B/T)r < 0.4. This is a fairly good result from the point of view of
deliberately fitting a pure disk erroneously with a two component
fit. In general we learn that we can recover pure disks fairly well,
and at worst some galaxies would be scattered to the next bin over,
but that happens in less than ∼ 20 % of cases. The results for input
spheroids (with ns > 4, orange line, or> 6, red line in Fig. A2) are
a little more complicated.
We find that the output GIM2D (B/T)r distribution for input
pure high Se´rsic index model galaxies is bimodal, with one peak
at (B/T)r = 1 which is very narrow, and another (potentially wor-
rying) peak around (B/T)r = 0.75, which is considerably broader.
This suggests that some spheroids might be decomposed into bulge
+ disk systems erroneously by our fitting, and thus, that there may
be ‘false disks’ in our final sample. The identification and removal
of these cases is the subject of the next section of this appendix. For
now it is pertinent to note that this effect does not represent a catas-
trophic failure of the fitting of Sloan galaxies, because the output
B/T values are still quite high, i.e. input pure spheroids are either
identified as pure spheroids or (at worst) identified as composites
with high B/T. Potentially we could proceed with our analyses with
this knowledge and source of bias, however we will attempt to do
better and actually remove these ‘false disks’. It should be noted
here that this is not a new or unique problem, and the existence of
false disks in B/T decompositions of modest depth and resolution
data is well known (see, e.g., Bamford et al. 2009, Cameron et al.
2009, Cameron & Driver 2009).
APPENDIX B: REMOVING FALSE DISKS
The problem of false disks in the decompositions can be seen di-
rectly in the observational data, without recourse to simulations.
The classic test (see e.g. Simard et al. 2011) is to plot the dis-
tribution of the semi-minor to semi-major axis ratio (b/a) of the
disk component, and to look at this in bins of B/T (by light and/or
stellar mass). For real disks the distribution should be broadly flat,
because to first order disks are circular and the variation in this
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Figure A2. Normalised recovered (GIM2D) B/T ratio distributions in the r-
band for pure Se´rsic model galaxies. The colours indicate the input (single)
Se´rsic index (ns) range, as shown on the plot. This figure shows the uncor-
rected raw distributions (and may be compared to Fig. B3 for corrected ver-
sions). In general high ns model galaxies have high recovered B/T ratios,
and low ns model galaxies have low recovered B/T ratios, with middling
values in ns leading to middling values in B/T. This is as expected. How-
ever, note the dual peak at high ns values (in red), which is the source of
‘false disks’ in the simulated sample.
Figure B1. Normalised distribution of semi-minor to semi-major disk axis
ratio (b/a) for observed SDSS galaxies in our sample. The distribution is
split by measured B/T ratio (by stellar mass). For comparison, the effective
b/a ratio for elliptical galaxies and bulges is shown in purple, dotted line.
Note how at low B/T ratios the distribution in b/a is quite flat, which is ex-
pected since the variation is purely a function of viewing angle. Whereas at
higher B/T values the distribution in b/a becomes more peaked at higher b/a
values, like with the spheroids. This is a classic test for false disk compo-
nents in an observed sample.
axis ratio is purely a function of the inclination of the viewing an-
gle. Since galaxies are not ordered in any preferential direction (a
consequence of isotropy), no peak in the b/a distribution for disks
should be present. For spheroids, however, this is clearly not the
case, and one would expect the distribution to be quite different
with a peak at high b/a. If bulges (or spheroids) are having some
of their light erroneously decomposed into disks, then their ‘disk’
b/a distribution would become skewed as a result, in effect becom-
ing more peaked at high b/a and suppressed at lower b/a. From the
literature and our simulation results we also expect this to be more
common in higher B/T systems (e.g. Simard et al. 2011).
In Fig. B1 we plot the b/a distribution for disk components in
bins of B/T (by stellar mass), and for a comparison also plot the
effective b/a ratio for spheroids (= 1 - e, where e is the elliptic-
ity). It is clear that at low B/T values the distribution is fairly flat,
as expected for real disks, but as we go to higher bins of B/T the
distribution of b/a becomes more peaked at high b/a values, and in
that sense becomes more similar to the spheroid distribution than
the disk one. This suggests that at moderately high B/T values we
sometimes include pure spheroids in our composite sample, just as
was seen in the previous section with the simulated galaxy suite.
The main focus of this section is to develop a new technique to
identify and ultimately correct these false disks.
At this juncture it is pertinent to note that in Simard et al.
(2011) the b/a distributions for even high B/T galaxies were found
to be fairly flat when a PpS cut was made, see §2.2. Thus, if we
select only those galaxies which are statistically better fit with two-
components as opposed to one, then the fraction of false disk in-
terlopers is negligible. The trouble with such a method for false
disk removal, however, is that the PpS statistic varies as a strong
function of apparent magnitude and effective size of the galaxies
being fit. Therefore, it can lead to a biased sample in terms of stel-
lar mass, and B/T morphology, which can be extremely difficult to
correct for. So, it is desirable to look for means to correct for false
disks without using this statistic. Ultimately, there are trade-offs be-
tween completeness and purity in the recovered sample which must
be carefully thought about when constructing a passive fraction, as
in this paper.
Perhaps an obvious place to start with identifying false disks
is to look at their colours, and note the population which is par-
ticularly red compared to the main population. Although this route
might well be very successful in other studies, we choose not to use
colour as a direct index of probability of a given disk being false
because our current concern in this paper is investigating the star
forming properties of galaxies. Thus, it is very important not to in-
troduce any biases into the star formation rates of the parent sample,
such as through assuming that disks would not be redder than some
value. Instead we consider the colour gradient of galaxies identi-
fied as composites in our sample as a possible tool to identify false
disks. We define this colour gradient as:
∆(g − r)b,d = (g − r)bulge − (g − r)disk (B1)
which measures the difference in g-r colour between bulge and disk
components in the same galaxy. We show the distribution of this
colour gradient on the left-hand panel of Fig. B2, for our full sam-
ple (in black) and a selected sub-sample of composites with ‘sus-
picious’ disks (in red). For the ‘suspicious’ disks sub-sample, we
consider those galaxies with B/T = 0.6 - 0.9 (where the ‘false disks’
are found in the simulations of §App. A) and with very high Se´rsic
indices (ns > 5) for the whole galaxy, which many would assume
to be actually spheroids. Immediately it can be seen in Fig. B2 that
the full sample extends out to much higher differences in colour
than the restricted (possible false disk) sample, which have colours
of bulges and disks which are closer to each other. Note, however,
that they are not peaked around a ∆(g − r)b,d of zero. This is be-
cause, even for pure spheroids, there are observed colour gradients
within galaxies, whereby the outer regions are bluer than the inner
ones (e.g. Bernardi et al. 2003).
We fit a Gaussian to the colour gradient distribution of the sus-
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Figure B2. Left-hand panel: Normalised distribution of the colour gradient, defined in eq. B1. The black histogram is for the full SDSS galaxy sample,
whereas the red histogram represents only those galaxies which are highly likely to have false disks, due to their Se´rsic indices and B/T ratios. The solid blue
line shows a Gaussian function normalised to the red histogram, and slightly widened. This is used as a tool to construct a probability of a given decomposed
disk component being false, see §App. B. Right-hand panel: Examples of two functions used to model the Se´rsic index, ns, dependence on the probability of
a galaxy harbouring a false disk component.
Figure B3. Normalised recovered (GIM2D) B/T ratio distributions in the r-band for pure Se´rsic model galaxies. The colours indicate the input (single) Se´rsic
index (ns) range, as shown on each plot. These plots show the same distribution as in Fig. A2, but for two levels of correction for ‘false disks’ (as indicated
on the plots), see §App. B for details. Note how the lower (and wider) B/T value peak for high ns model galaxies decreases in prominence with increasing
strength of ‘false disk’ cut made, from left to right.
picious disks, and then allow this to be broadened slightly (the only
effect of this is to increase the absolute value of our final statistic).
We will use this as one of our metrics for determining likely false
disks. We assume that as one moves (in either direction) away from
the peak value of the ‘suspicious’ disk set the probability of being
a false disk declines. Explicitly, we define the probability of being
a false disk from this colour gradient metric alone as:
PrFD(∆(g − r)b,d) = exp
(
− 1
2
(∆(g − r)b,d − µ
σ
)2)
(B2)
where we take the mean µ = 0.17 and the standard deviation σ =
0.225. This expression represents the Gaussian shown in blue in
Fig. B2, but peaked now to unity for use as a likelihood function.
It can be used to estimate how likely a given disk is to be false,
based solely on the difference in colour of its apparent disk to its
bulge. Obviously, such a cut would be incomplete as many real
disks would be removed by any cut of this function as well, which
can clearly be seen by the fact that the whole distribution of galax-
ies also peaks near the mean value of this function (in Fig. B2).
Thus, additional metrics will be required.
We also consider the distribution of b/a for spheroids (from
their ellipticities) in Fig. B1, and conclude that galaxies with false
disks would have b/a disk distributions likely peaked where the
spheroidal distribution peaks. Therefore, we take the distribution
of b/a in spheroids as a probability function for disks of a given
b/a being false, PrFD(b/a), by normalising the maximum value
to unity. Finally, we add in the expected correlation with increased
Se´rsic index from a single fit, constructing yet another probability
distribution function, PrFD(ns), see right hand panel of Fig. B2.
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Figure B5. The normalised distributions of the semi-minor to semi-major disk axis ratio (b/a) for a range in B/T (by stellar mass) ratios, as in Fig. B 1. In this
figure we additionally show two cuts for ‘false disk’ correction (with probability of false disk PrFD < 0.5 & 0.2, defined in eq. B3), and show the revised
histograms (dotted and dashed as indicated) on each B/T range b/a plot along with the original histogram. For comparison the, ostensibly flat, b/a distribution
for disk dominated systems (with B/T < 0.2) is shown. Note how at low B/T values the PrFD corrections made have no effect, which is good, whilst at
higher B/T values the corrections serve to flatten the b/a distributions, as intended. For intermediate B/T ranges, the higher of the two cuts to false disks may
over-correct, which can be seen by it causing a slight peak at lower b/a values.
Figure B4. A collage of SDSS galaxy images from our sample with z <
0.1 and log(M∗/M) ∼ 10.5. Crucially, each galaxy has a measured B/T
stellar mass ratio of ∼ 0.7, indicating that it ought to be bulge dominated,
but have a definite disk component. Note that this is the range of interest
for defining ‘false disks’, see Fig. A2. Top row is for PrFD < 0.2 galaxies.
In this group almost all galaxies looked at contain an obviously real disk
component. Middle row is for 0.2 < PrFD < 0.5 galaxies. In this range
there is a mix of real and false disks. Bottom row is for PrFD > 0.5 galaxies.
Here there are almost no real disks observed.
We model this dependence as a step function and as a simple power
law, but note here that the only real difference this makes is in the
absolute value of the final probability at which we will place our
final cut(s) at. Bringing this together, we construct a final probabil-
ity of a given decomposition having a false disk element, PrFD, by
convolving the three probability indicators outlined above. Specif-
ically, we calculate:
PrFD = PrFD(b/a)× PrFD(∆(g − r)b,d)× PrFD(ns) (B3)
where each of these components are defined above. Although these
metrics are not strictly independent, and hence the use of multi-
plicative convolution would technically require a subtractive co-
variance term, we are only attempting to get an approximate indi-
cator of when a given galaxy is likely harbouring a false disk in its
decomposition. Moreover, we use this probability as a phenomeno-
logical tool only, tuned to the data, as outlined below. Thus, in the
absolute sense, whether or not PrFD is in fact interpretable as a true
probability is moot, yet ultimately unimportant for our purposes.
We show the effect of selecting out galaxies above a range in
PrFD values on the pure single Se´rsic model data in Fig. B3. In
this test we remove galaxies with PrFD > 0.2 and 0.5 and replace
them back into the sample as pure spheroids with B/T = 1. We see
that it is possible to correct for virtually all false disks at a cut at
0.2 (right panel), but that one can still do a good job of reducing
the fraction of false disk interlopers with a more modest cut at 0.5
(left panel). In fact the bimodality of the recovered B/T distribution
for high Se´rsic index galaxies is almost completely removed by a
judicious cut in our probability function, PrFD. However, one must
also consider whether this (perhaps over-zealous) cut could result
in throwing out potentially real disks as well.
To test this, we investigate the fraction of genuine bulge +
disk composite systems in the simulations which are erroneously
corrected for having a false disk. We find that whilst for a cut in
PrFD at 0.5 less than 10 % of real disks are mistakenly reassigned
to a B/T of one, at a cut of 0.2 as much as 50 % of the corrected
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disks may have actually been real. How to proceed comes down to a
choice in philosophy: is it more important to be complete or pure in
terms of sample selection. Clearly, both are desirable but this is an
extremely difficult thing to achieve in practice. For a visual indica-
tion of this effect, see Fig. B4, which shows how galaxies actually
look at a stellar massM∗ ∼ 1010.5M and with B/T∼ 0.7 in three
ranges of PrFD. Clearly, at PrFD < 0.2 all of the galaxies do con-
tain real disks, and this fact in bourne out by looking at hundreds of
these cases in detail by eye. Alternatively, at PrFD > 0.5 there are
virtually no real disks evident. Perhaps unsurprisingly, from our
definition of the false disk probability metric, at 0.2 < PrFD <
0.5 there are some galaxies which do harbour false disks and some
which do not.
To see what the effect of various cuts is on the real data, we
plot again the b/a distributions in Fig. B5, and separate this time by
both B/T range and a PrFD cut as indicated. Using a cut in PrFD
value to correct for false disks in general flattens the distributions,
as we would hope. Specifically, we see very little effect at low B/T
from our correction which is expected. At higher B/T the various
PrFD cuts improve the peaked b/a distributions. A cut at 0.5 is
sufficient to flatten the distributions in b/a up to a B/T binninng
of 0.8 or so, but to flatten the highest B/T ‘disks’ one would have
to go to 0.2 or so. This more exclusive cut appears to over-correct
at lower B/T values, and results in a (slight) peak at lower b/a for
corrected disks in this regime.
Throughout the results section of this paper we have em-
ployed a cut in the probability of false disk, PrFD, at 0.5 whereby
galaxies with higher probabilities are replaced to a B/T = 1 and
a Mbulge = M∗. This cut provides a good compromise between
purity and completion which is appropriate for a study like this,
where inclusivity is important due to the need to construct relative
fractional abundances of galaxies with star forming properties as
a function of structural and environmental indices. The recovery
of pure spheroids as pure spheroids (in the highest B/T bin) in the
simulations is as good as it is for disks when we apply this cut.
Moreover, only around 10 % of corrected galaxies are actually not
false by our estimates at this threshold. In the next section we show
the general invariance of the main results of this paper to the exact
cut on the probability of false disk which we make, and in particular
demonstrate that for both a ‘complete’ (but not pure) and a ‘pure’
(but not complete) sub-set we recover the same differential results
between the potential drivers of star formation cessation, which are
the primary results of this work.
APPENDIX C: STABILITY OF THE MAIN RESULTS
In this section we establish the invariance of our primary conclu-
sions to various cuts and selections made on the data in the main
analysis of this paper. In particular, we consider three possible cuts
on our probability of false disk parameter, PrFD, which represent
an over zealous cut at 0.2, whereby almost no false disks will re-
main, but many actual disks will be erroneously corrected; a com-
promise cut at 0.5 (used throughout the main body of this paper)
which we argue does a good job of removing many, but not all,
false disks while preserving the vast majority of real disks; and fi-
nally, we investigate the use of not applying any cut at all, i.e. we
allow all galaxies to enter our sample as measured by the GIM2D
fit, which will provide a complete, but not pure sample.
In Fig. C1 we show the effects of these three PrFD cuts on
a selection of the primary science plots which are affected by B/T
structure, first shown in Figs. 10 - 12. The left column is for no cor-
rection, the middle column is for the compromise correction at 0.5,
and the right column shows the verbose cut at 0.2. Although the ex-
act depiction of the data for each cut varies, the global trends, and
importantly their relative structure remains invariant. For example,
for all PrFD cuts we find a positive correlation of the passive frac-
tion with total stellar mass, bulge mass, and B/T morphology. We
also find very similar differential effects, whereby, e.g., galaxies
with higher B/T morphologies at a fixed stellar mass have higher
passive fractions, and galaxies with higher stellar masses at a fixed
B/T morphology also have higher passive fractions. This can be
seen clearly by looking at the top row and the third row of Fig. C1.
One of the most important results to come from our analyses
in this paper is the observation that the passive fraction varies less
with B/T morphology at a fixed bulge mass than at a fixed total stel-
lar mass. This fact is preserved in all renderings of our PrFD cuts
(see the top row of Fig. C1, and the one below it). Complementary
to this, we find a huge diversity in the passive fraction across dif-
ferent total stellar masses at a fixed B/T morphology, but relatively
very little diversity in the passive fraction across different stellar
masses at a fixed bulge mass. Again this is true for all PrFD cuts
(see bottom two rows in Fig. C1). This indicates that our primary
results are not a product of poor bulge + disk decompositions in an
isolated sub-sample of galaxies, but instead are generally present
whether we include no false disks (but remove many real ones) or
we remove no real disks (but include several false ones), or even
if we adopt a compromise cut, as throughout the main body of this
paper.
The decision to include AGN, with spectroscopically deduced
SFRs from the Dn4000 - sSFR relation (see §2.1 and Brinchmann
et al. 2004) could potentially introduce a systematic bias into our
analysis. To test this, we show in Fig. C2 the passive fraction rela-
tion with bulge mass, total stellar mass, and halo mass, each sub-
divided into B/T structural range. These plots are first shown in
Fig. 12, and represent the most constraining to the passive fraction.
Here, however, we remove all AGN via the Stasinska et al. (2006)
line cut on the BPT emission line diagram above a S/N threshold of
1. This ensures that there is negligible contribution to the emission
lines from AGN and hence that the SFRs may be computed accu-
rately. Although the specific details of the plots change slightly, the
main features of these plots are unchanged, which implies that the
inclusion of AGN has not biased our sample in such a way as to
mimic the trends witnessed throughout this paper.
Another area of possible systematic bias comes from the fi-
bre correction implemented in transforming spectroscopic-derived
SFRs into global (total) SFRs. This process is well tested and cal-
ibrated in Brinchmann et al. (2004), however, since our analysis
finally yields that it is the bulge (and hence central region) of galax-
ies which is most important in determining the passive fraction of
whole galaxies, it is natural to question whether a problem with
the fibre correction could mimic this science result. We test this
by constructing an analogy to the passive fraction presented in the
main body of this paper, using only the photometry of the galaxies,
which thus has no fibre correction implemented. Specifically, we
look at the g-r colour (computed from global galaxy photometry)
as a function of total stellar mass in Fig. C3. Here we divide galax-
ies into red and blue subsets by calculating whether they lie above
or below (respectively) the green valley line (presented in Mendel
et al. 2014). We define a galaxy to be red if its global g-r colour,
(g-r)Galaxy:
(g − r)Galaxy > 0.06× log(M∗/M)− 0.01 . (C1)
These galaxies are shown in red in Fig. C3, and the rest are shown
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Figure C1. Each column of plots represents a rendering of several of the main science plots for this paper, first seen in Figs. 11 & 12, with a different cut
made on the probability of the disk component being false, PrFD. The left hand column shows plots with no correction for false disks, thus the sample is
complete but not pure. The middle column shows plots with a compromise cut with PrFD > 0.5 galaxies removed from the sample and replaced back in with
B/T = 1 and Mbulge = M∗. The right hand column shows plots with a verbose cut at PrFD > 0.2, which forms a pure, but not complete, sub-sample. The
top row shows the passive fraction - total stellar mass relation, with the second row down showing the passive fraction - bulge mass relation, both of which
are sub-divided by B/T morphology as indicated. The third row down shows the passive fraction - B/T morphology relation, with the bottom row showing the
passive fraction -bulge mass relation, both of which are subdivided by total stellar mass range as indicated on the lower plots. Note that the structure of these
relationships remains invariant under the various cuts for false disks shown here, e.g. bulge mass remains a tighter correlator to the passive fraction than either
total stellar mass or morphology, independent of the PrFD cut made.
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in blue. If we compare this plot to Fig. 6 (top-left panel), we can
see there is a clear analogy in methodology. Although this approach
throws out much of the information contained in the detailed spec-
tra of these galaxies, it does contain an essential advantage for our
current purposes: It allows us to look at the global colours of galax-
ies (and by inference their star forming properties) without cause
for fibre corrections.
We define the red fraction in exact analogy to the passive frac-
tion (in eq. 7). Explicitly, we calculate:
fred =
Nred∑
i=1
1/Vmax,i(red)
Nall∑
j=1
1/Vmax,j(all)
(C2)
where Vmax is the spacial volume over which a galaxy of given
ugriz magnitudes and colours would be detected in the SDSS, and
thus make it into our analysis (see Mendel et al. 2014 for full de-
tails). This is used to weight the fractional contribution of each
galaxy, effectively removing observer bias. We are now in a po-
sition to replicate our passive fraction analysis for the red fraction,
avoiding the fibre correction but ignoring much of the valuable in-
formation contained within the spectra on the star formation rates
of our galaxies.
In Fig. C4 we present the red fraction dependence on bulge
mass, total stellar mass, and halo mass subdivided by B/T mor-
phology. This figure can be compared with the top row in Fig. 12
for the spectroscopic passive fraction. Comparing these figures, we
see a close resemblance in form with the red fraction to the equiv-
alent plots made with the passive fraction. In particular, we see a
monotonic rise in the red fraction with total stellar mass, halo mass,
and bulge mass, after some initial threshold at ∼ 109 M in bulge
mass, which is not strongly morphology dependent, just as with
the passive fraction. Furthermore, we witness a fanning out of the
red fraction - stellar mass and halo mass sequences based on B/T
structure, whereby more spheroid dominated systems are redder for
their stellar and halo masses than more disk dominated systems. We
also note that the variation in the red fraction with B/T morphol-
ogy is less pronounced with bulge mass than with total stellar and
halo mass. Thus, our primary conclusions are not affected by any
potential bias or systematic effect introduced through the aperture
correction of Brinchmann et al. (2004).
In summary, in this appendix we have investigated the impact
of the various sample selections, conversions, and bulge + disk de-
composition systematics on the stability of our main science re-
sults. We have found that for all corrections to the false disk prob-
lem, including a verbose cut leaving virtually no false disks in the
sample, the primary science results remain unchanged. Further, we
have demonstrated that potential biases from the fibre correction
procedure or the inclusion of AGN in our parent sample do not lead
to effects which could mimic our results. Moreover, we establish
that for a photometric only approach to the passive fraction (the red
fraction) we recover qualitatively very similar results to what we
found with the spectroscopically derived passive fraction, with no
fibre corrections. Taken together these checks on the data and sci-
entific method used represent a crucial confidence test, which our
primary result, the dominance of the bulge mass in determining the
passive fraction, passes successfully.
Figure C3. g-r colour for the whole galaxy vs. total stellar mass. The red
sequence is divided from the blue cloud by a simple line cut defined by
(g-r)Galaxy = 0.06 × log(M∗/M) - 0.01, as in Mendel et al. (2014).
This provides an alternative way to define the passive fraction to the ∆SFR
method used throughout the bulk of this paper. Crucially, the red fraction
derives no input from the spectra of the galaxies, so no aperture correction
is needed.
APPENDIX D: CLASSICAL VS. FREE SE´RSIC BULGES
Throughout the main body of this paper we utilise bulge + disk de-
compositions from ns = 4 bulge + ns = 1 disk profile GIM2D fit-
ting of the ugriz SDSS data, with stellar masses of the components
deduced via SED fitting of the light components separately (see
§2.2, Simard et al. 2011, Mendel et al. 2013). In this final appendix
we consider whether the choice of fixing the bulge component to
a classical De Vaucouleurs (1948) profile may introduce any bi-
ases into our analyses. Simard et al. (2011) construct bulge + disk
decompositions in the g- and r-bands for SDSS galaxies for free
Se´rsic index bulges as well as for the ns = 4 bulges already consid-
ered in this work. In this appendix we compare the B/T ratios from
these two methods to ascertain whether any systematic differences
may affect our conclusions. For the sake of brevity we restrict our
investigation to the representative r-band case, which scales well
with bulge-to-total stellar mass ratios (as outlined in §App. A).
In Fig. D1 we plot the relationship between r-band bulge-to-
total light ratio constructed from a classical (ns = 4) and a free
Se´rsic (ns = 0.5 - 8) bulge profile. In both cases the disk component
is treated as a pure exponential (with ns = 1). On each of the panels
the small data points are colour coded by the free Se´rsic index value
of the bulge, with redder colours indicating higher values of ns,free.
On the left-hand panel of Fig. D1, where we include the full SDSS
sample, we find that there is generally quite good agreement be-
tween the two profile cases except at low (B/T)r[ns=4] values. The
discrepancy at low B/T, however, is clearly due to very low Sersic
index bulges (blue points). If we remove the cases with ns,free < 2
(which we may assume ought to have been fit as disks), we recover
a much tighter dependence (see middle panel of Fig. D2). Here we
note a slight tendency for the highest free Se´rsic bulges (red points)
to lie above the 1:1 line. This is expected since bulges with very
steep Se´rsic profiles fit as ns = 4 bulges tend to leave some light
unaccounted for which can lead to erroneous ‘false’ disks being fit
(see §App. A & B for full details on this issue). However, if we cor-
rect for the ‘false’ disks using our new methods (outlined in §App.
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Figure C2. The passive fraction for galaxies without AGN vs. bulge mass (left panel); total stellar mass (middle panel); and halo mass (right panel). Each plot
is split by B/T structural range as indicated on the left and middle plots. This figure may be compared to Fig. 12 (top row) which shows the same relationships
with AGN included. Note that there is no significant difference in the main features of these plots, which implies that including AGN, and thus using indirect
measures of SFR for these galaxies, does not adversely affect our conclusions. Specifically, note the significantly greater variation with B/T range at a fixed
stellar and halo mass than at a fixed bulge mass.
Figure C4. The red fraction vs. bulge mass (left panel); total stellar mass (middle panel); and halo mass (right panel). Each plot is split by B/T structural
range as indicated on the left and middle plots. As with the passive fraction, we see least variation across B/T range with bulge mass, with significantly more
variation at a fixed stellar and halo mass. This provides a check that the conversion from fibre to global SFRs used in the main body of this paper does not
adversely affect our conclusions.
B) we find that the accord between free Se´rsic and ns = 4 bulges is
excellent (see right hand panel of Fig. D1).
The average difference between (B/T)r[ns=4] and (B/T)r[free
ns] is ∼ 0.02, which is significantly smaller than the bin size, and
far smaller than any binnings we make in this paper. The average
standard deviation around the mean is ∼ 0.1. We may take this as
a reasonable estimate for the random error on any given galaxy’s
measured B/T ratio. In this work we are interested in the mean
properties of large samples of galaxies, thus reducing the random
error on our results further by σ/
√
N . Thus, we are left only with
the very small systematic offset. This strongly implies that there
would be no significant differences to any of our results based on
the choice of ns = 4 instead of free Se´rsic bulges, provided we
make a correction for false disks and require that all bulges have
ns > 2. Even without these reasonable steps we would still recover
a good correlation between the methods and acceptable errors, with
the only appreciable offsets found at very low B/T values.
Since the Se´rsic index of bulges is found to systematically
increase with stellar mass (e.g. Graham 2001, Graham & Worley
2008) it is important to check that there are no systematic differ-
ences in our measured B/T values across stellar mass range. Fur-
ther, since the resolution of similar mass galaxies declines with
redshift it is also desirable to check for any systematic deviations
between the free Se´rsic and ns = 4 models across redshift range.
We plot the difference between ns = 4 and free Se´rsic bulge-to-
total light ratios (∆(B/T)r[n4 − nfree]) explicitly as a function of
stellar mass and redshift in Fig. D2. We find that these distribu-
tions are very flat and extremely close to zero in value, indicating
that there are no differential systematic effects engendered in our
bulge + disk decompositions across redshift or stellar mass ranges.
We also find that restricting the redshift range of our galaxy sam-
ple to zspec < 0.1 (instead of 0.2 throughout the main body of this
work) does not adversely affect any of our conclusions, and leaves
all of the science plots in this paper virtually identical. Therefore,
we conclude that our bulge + disk decompositions are reliable at the
redshift and stellar mass ranges studied in this paper, and moreover
that no significant biases or systematics are introduced through the
use of ns = 4 bulges.
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Figure D1. Bulge-to-total light ratio comparison between ns = 4 classical bulge and free Se´rsic bulge GIM2D fitting of our SDSS galaxy sample, both
computed in the r-band. For both methods disks are fitted with exponentially declining (ns=1) Se´rsic profiles. Left panel: shows the relationship for the full
free Se´rsic range from ns = 0.5 - 8, and with no correction made for ‘false’ disks (see §App. B). Middle panel: Shows the relationship with very low Se´rsic
index bulges (ns < 2) removed, i.e. those cases which are better fit as a disk; also with no correction made for ‘false’ disks. Right panel: shows the same as the
middle panel but with ‘false’ disks corrected (as in §App. B). Note that the agreement between (B/T)r[free n] and (B/T)r[n=4] is very good when we require
that bulges do not have disk-like profiles, and becomes excellent if we additionally correct for ‘false’ disks. The filled red circles are mean values, with their
error bars given as the full 1σ range. The 1:1 line is shown as a dashed magenta line on each panel for comparison. The small dots are individual data points
coloured by the free Se´rsic index of the bulge, with redder colours indicating higher Se´rsic indices. Note that the discrepancy between the two methods at
low (B/T)r[n=4] (in the left panel) is driven entirely by disks being fitted as bulges (shown in blue). High Se´rsic index bulges (shown in red) lie preferentially
above the 1:1 line (in the middle panel), but these minor outliers are almost entirely corrected for by the ‘false’ disk removal (see right panel).
Figure D2. The difference between bulge-to-total r-band light ratio computed from ns=4 classical bulge and free Se´rsic bulge GIM2D fitting
(∆(B/T)r[n4 − nfree]) vs. redshift (left panel) and total stellar mass (right panel). The filled red circles are mean values, with their error bars given as the full
1 σ range. The small blue dots indicate the position of the actual data, with only one in every twenty points shown for clarity. The ∆(B/T)r[n4 − nfree]=0
line is shown as a dashed magenta line for comparison. In both plots the free Se´rsic bulge is allowed to vary from ns = 2 - 8, preventing disks being fit as
bulges. A correction for ‘false’ disks is made exactly as described in detail in §App. B. The agreement between the two methods is excellent, and there is
clearly no differential redshift or stellar mass effects (i.e. the distributions are both flat and very close to zero). Thus, we conclude that free Se´rsic bulge fitting
would not change any of the results in this paper in any significant way.
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